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PREFACE 


The purpose of the present volume at the time it was planned was to 
present the experimental and theoretical facts underlying explosion and 
combustion processes in gas(\s so thoroughly that the book would not only 
serve as an introduction to the field but also be of practical use to anyone 
working in similar branches of research. 

When the work was bcigun, the excellent monograph by Lindner (1931) 
was tlie only one available in German. It dealt with the same subject 
but was intended to give only a brief survey. There are,^of course, the 
English books by Bcjne, but they are obsolete, even though still of value 
for ori(Miting the reader in older \vorks on the subject, especially those in 
Flnglish. When the manuscript was almost finished, an English mono- 
graph by Lewds and von Idlbe appeared, as wt‘ 11 as a series of articles on 
combustion in the fourth volume of the handbook ^^The Science of 
P(‘trol('um.^’ The appc'arance of this monograph in no way makes the 
present volume superfluous, since, in addition to the fact that no German 
w^ork exists on this subject, the author believes his book justified by the 
nature' of its aim. He wishes to acknowledge that he has found these 
dis{*ussions very stimulating. Sul)jects treated exhaustively by Lewis 
and von Elbe that are of limited inteix'st here have been purposely 
abridg('d in the present w’ork. 

In gfMieial, an effort has l)een made not only to give the theoretical 
basis but also to describe the exp('riments in such detail as to enable the 
reader to draw’ his ow’n conclusions independent of the special theories of 
the author. Tlie result has be('n that a sharp, systematic division w’as 
possil)l(^ only in tliose cliapt('rs treating I’elatively wxdl defined fields of 

research. In other fiekls for instance, coal combustion — a somewhat 

roimdal)out maniu'r of pn'sentation w’as ado|)ted so tliat the experiments 
of the various authors could be treated individually and theoretical 
considei-ations w ould not cause certairfdata to be stressed at the expense 
of others. 

In tliis field of research, it happens again and again that data can be 
found in the literature that seem simultaiu'ously to prove or to disprove 
theories that have been advanced. For this reason, although absolute 
completeness in the material to be presented w\as out of the question, 
completeness in the description of data differing qualitatively was striven 
for whenever possible. Because of the many factors that come into con- 
sideration in combustion reactions, the data of various authors may 



VI 


PREFACE 


appear to be mutually exclusive, a fact that does not imply, however, 
that any set of data is on that account unreliable. In attempting to 
incorporate data into a fixed theoretical system, there is always the danger 
of slighting important experiments. 

To aim at completeness in the pertinent literature would have 
expanded this volume unduly. The author therefore contented him- 
self with drawing only upon the more recent works with any degree of 
completeness. Older works not treated here may be found in the survey 
of the field given at the conclusion of this work. 

Even though an attempt was made to present the facts as objectively^ 
as possible, the author is not unmindful of the importance of theory for a 
mastery of the material presented here, as well as for any further develop- 
ment in this field of research. For that reason, theoretical considerations 
of the various processes have been given ample space. Moreover, these 
theories have not been presented without comment. On the contrary, 
the limits and weaknesses of present developments have been exposed, 
and suggestions have been made for further developments. Considering 
the extent of the material covered, the occasional omission of important 
references could not be avoided. 

The field of combustion can be of equal interest to the engineer, the 
chemist, the physicist, and the physical chemist. For this reason, only 
the amount of knowledge shared by these various readers has been taken 
for granted in important passages of this book. Thus, for example, 
various elementary statements have been added to the fundamentals on 
reaction kinetics. ?saturally, therefore, some portions will seem trivial 
to some and difficult to otluTs. The aim was to fix upon a manner of 
presentation that vould make the book comprehensible without the aid 
of other volume's, some of which are not easily accessible. Tn addition, 
of course, it \vas inteiide'd to furnish as much information as possible. 

It is not assumc'd that the reader will read the* entire book or even 
individual chapters consecutively, but rather that substantial portions 
dealing with specific theories or experimental detail (partly indicated by 
small print) will be skij)p('d at a first reading and that the contents of 
other chapters will be referred to only insofar as they may be of aid in 
clarifying some point. Numerous references within the text as well as 
the additional references at the end of the book, which have been made 
as complete as possilfie, should be of aid in orienting the reader. 

The succession of the individual chapters was determined, among 
other things, by the fact that all matters demanding a more detailed 
treatment of reaction kinetics were relegated to the second half of the 
book, since this field of research is probably least familiar to most readers. 

All basically different processes (like coal-dust combustion, for exam- 
ple) and the chemical aspects of these phenomena had to be omitted. 
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For orientation in these fields, the references at the end of the book may 
be of value. 

During the writing of this book, the author received suggestions and 
^ criticisms from many friends and colleagues. The supplementary mate- 
rial for the first chapter was prepared by Dr. L. v. Muffling. Dr. 
Rogener prepared the table of contents. Both gentlemen, as well as 
Dipl.-Eng. Teichmann helped read the proofs. To all of these the author 
is deeply grateful. 


Leipzig, Germany, 
JunCi 1935 . 


W. JoST. 




TRANSLATOR’S PREFACE 

The translation of this important work was undertaken by the pub- 
lishei- and tlie imdersiji:n(‘d at tlie suggestion of Dr. W.F. Durand of the 
NAC'A and Dean h^.A. Mon*land of the NDHC because American engi- 
neers concerned with th(^ develo[)ment of the ])asic theories of combustion 
are naturally interested in some of the applications of physical chemistry 
to this probUan as advocated by Dr. Jost. 

Th(‘ lit(Tal triinslation was prepared undcu- the direction of Dr. F.L. 
Fehling of th(', XInivensity of Iowa d(‘partment of German. Transforma- 
tion to smootli I'higlish has occTisionally b(K‘n sacrificed where a literal 
translation expresses more faithfully the precise meaning intended by the 
author. 

A brief tal)le of con\'(‘rsion units for transformation from e.g.s. to 
f.p.s. units has bc'cm includ(Ml (page xv) for those accustomed to the 
latter system of units. 

Several obvious errors in the original work have b(‘en corrected, but 
no (i()ul)t others ha\'(‘ {'scajK'd attention; and, of course, some new errors 
sN'ill b(' introduced by th(‘ very meclianics of the translation of a difficult 
scicmtific work. The publisliers and the translator will consider it a 
favor if errors appearing in the published translation are called to their 
attention. 

Huber 0. Croft. 

Iowa City, Iowa, 

October j 1946. 
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EXPLOSION AND COMBUSTION 
PROCESSES IN GASES 

INTRODUCTION 

By combustion, in the narrower sense, we generally mean the rapid 
reaction of oxidizable material with oxygen accompanied by the develop- 
ment of heat and usually the production of a flame. The oxidizable 
materials may be solid, liquid, or gaseous. The gaseous phase is the 
most important.^ It is doubtful that combustion processes in this 
narrower sense are possible with liquid fuels. In processes involving 
licpiid fuels, as in the case of Diesel engines, it is assumed that a con- 
siderable vaporization jirecedes combustion (the same applying, of course, 
to any vick lamp). If at the outset there is a ready mixture of com- 
bustible gas plus oxygen or air, the oxidation process can lead to an 
explosion, but it need not. The combustion processes of premixed 
gases do not differ from such other extremely exothermic gas reactions 
as the reaction of CI2 + Ho. In combustion processes in the narrower 
sense, insofar as premixed gases are concerned, we are always dealing 
with explosion processes. The combustion in a Bunsen flame, for 
example, is a stationary explosion. 

We shall direct our interest chiefly to two groups of explosion phenom- 
ena, to wit: 

A, Kverything connected mth the preliminary stages and the origin 
of an explosion explosion limits, ignition processes in auto-ignition, 
and other methods of ignition). 

B. P^verything dealing with the phenomena of the completed explo- 
sion {f.g., the speed of propagation). 

Auto-ignition processes include all those phenomena based upon the 
fact that, in an explosive mixture heated to an infinitesimal degree, the 
rate of reaction as the result of the infinitesimal change increases beyond 
all bounds. 

The consideration of auto-ignition processes leads automatically 
to the study of the reaction preceding the actual explosion. In stud3ring 
combustion processes in the narrower sense of the word, one is forced to 
draw into the discussion also those slower processes which are combustion 
processes only in the wider sense and are not (or not always) connected 

' There is, of course, also the combustion of solids, e,g.f coal, but we shall not 
consider the latter in this discussion. 
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with the appearance of flames, since they are the slow reactions of the 
same materials or mixtures. 

In the complete explosive reaction, the following will be of interest: 
what products of reaction appear, what temperatures are reached, what 
heat is liberated, and what radiation emanates. Because of the influence 
of dissociation at these high temperatures, the ordinary reaction formulas 
are inadequate for giving the products of reaction. 

Beyond these general considerations, we are interested in the mecha- 
nism of the progress of an explosion, especially the speed with which an 
explosion started in one place is propagated to the unburned mixture. 
If the unbumed gas is static, we are dealing with the so-called “ignition 
speed, or normal speed of combustion. The actual speed of combustion 
can, by the aid of currents, be much greater than the normal speed of 
combustion. If the speed of propagation of a combustion is very high, 
a shock wave may occur; in extreme cases, so-called “detonation” occurs, 
resulting from a combination of shock wave and chemical reaction. 

The preceding applies to the combustion of premixed gases. In the 
case of gases not premixed or not sufficiently premixed, the speed of 
mixture must be added as a further determining element, as in the outer 
cone of the Bunsen flame, in the luminous flame, in the candle flame, 
and in the technical firing of nonpremixed gases (mixture by diffusion 
and also mixture by turbulence, as in the Siemens-Martin furnace). 

The most important field of application of combustion processes 
is the internal-combustion engine. Not only the processes connected 
with ignition from outside sources (spark ignition) and flame spread, 
but equally the reactions taking place in hot fuel-air mixtures, are of 
interest in this connection. The latter are important for the ignition 
process in the Diesel engine as well as for the knocking process in the Otto 
engine. For this reason, wq have also included a detailed treatment of 
the oxidation mechanism of hydrocarbons. 
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INITIAL STAGES OF EXPLOSIONS (AUTO -IGNITION) AS A 
THERMAL PHENOMENON 

1. Preliminary Remarks. — The spontaneous development of explo- 
sions, or auto-ignition, is often a complicated process. However, we 
shall treat the processes leading up to it as simply as possible. We 
assume an exothermic and hence heat-producing reaction (endothermic 
reactions can never cause explosions) and direct our attention chiefly 
to the heating of the reaction mixture by means of the heat of reaction 
liberated. Thus we exclude those reactions in which the speed of reaction 
can increase considerably with time even at constant temperature (c/. 
Chap. VIII). Since in almost all reactions with rising temperature the 
speed of transformation increases, it is possible that, because heat is 
liberated by the initially slow reaction, the temperature (and therefore 
also the speed of reaction) will increase more and more, and explosion 
will finally result. This process of the origin of an explosion should be 
regarded as only an extreme case, but it is important and at the same time 
the simplest extreme case. For that reason, a detailed consideration of 
it is justified. Also, because it can be understood without going into the 
details of the course of the reaction, it will be discussed first. 

The lowest temperature at which explosion occurs, under given 
conditions in a substance or a mixture, is generally designated as the 
“ignition temperature.^^ From what has been said, it is clear that this 
temperature is not a constant for any given material. ^ The introduction 
of this concept is of great practical use, however, e.g.^ in judging the 
danger of explosion in given mixtures, with the obvious reservation that 
one is conscious of the limits of the concept. 

Even though the quantitative mathematical treatment of thermal 
explosion is only of relatively recent date, the fundamentals have been 
known for a long time. We owe it chiefly to vanT Hoff,^ whose defini- 
tions can be used even today: 

“By ignition we mean not only the combustion phenomena, but any complete 
transformation that takes place as a result of a local rise in temperature up to the 
so-called ignition temperature.” 

^ C/. especially the numerical material in the supplement to this chapter. 

*VAN^T Hoff, J.H., Studies on Thermodynamics (from “Etudes de dynamique 
chimique,” 1884, reworked by E. Cohen), 1896; cf. especially pp. 141 and 145. 
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‘‘In every phenomenon of this kind the following conditions are fulfilled: 

“ 1 . The change the ignition produces is accompanied by a development of heat. 

‘‘2. This change occurs more or less rapidly even below the ignition 
temperature. 

“3. This change is accelerated by raising the temperature.” 

‘‘The ignition temperature is that temperature at which the initial loss of 
heat (as a result of conduction, etc.) is equal to the heat the transformation 
simultaneously produces.” 

To be sure, branched chain explosions do not fit these definitions. 
They will be treated in Chap. VIII. 

2. Auto-ignition (Thermal Explosions). — As already indicated, we 
intend to restrict our discussion in the following manner: we shall study 
an explosive mixture of gases enclosed in a container. In this mixture, 
a homogeneous gas reaction is to take its course. The wall of the con- 
tainer is considered to enable us to determine the initial temperature 
of the mixture. The heat loss to the wall must also be considered when 
the temperature of the gas rises above that of the surrounding wall.^ 
The wall of the container is to play a role only insofar as it will enable us 
to determine on the one hand the initial temperature of the mixture and 
on the other hand that heat transmitted to the wall when, as a result of the 
reaction, the temperature of the gas mass rises above that of the con- 
taining wall. We shall leave out of consideration all finer distinctions, 
which play a part by effect of the wall on the course of the reaction and 
by the nature of the transformation as a chain reaction. Nevertheless, 
chain reactions are by no means to be excluded from this chapter. 

We observe, then, the following process: Given a reaction chamber 
of the volume V and the experimental temperature To] let the speed of 
reaction, perhaps related to the mol-number n of the end product, formed 
in the unit of volume, be 

^=/(p)exp(- A) (1) 

where, in a reaction of the second order, in which the concentrations of 
both components are proportional to the total pressure p, the following 
equation is especially applicable: 

f(p)=Pp^ ( 2 ) 

If the released heat of reaction per mol of transformation is Q (we must 
of course assume that we are dealing with an exothermic reaction), 
then in the unit of time the quantity of heat to be released in the reaction 

^ The assumption is made that heat loss from the containing wall to the outside is 
so rapid that its temperature can be regarded as constant. 
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volume V is 

( 3 ) 

The heat set free is partly used to heat the gas mixture and partly 
given off to the vessel wall held at constant temperature. Moreover, it 
is reasonable to assume that the quantity of heat given off to the wall 
is approximately proportional to the excess of the gas temperature 
T over the wall temperature To, in other words, to write for the quantity 
of heat given off in the time unit 

^ = A{T- To) (4) 

In addition it must be noted; 

1. The quantity A will depend on the form as well as on the dimen- 
sions of the container. It will, among other things, be about propor- 
tional to the surface. In addition, it also depends on the thermal 
conductivity of the gas mixture and therefore indirectly on the tempera- 
ture. The latter dependence will be disregarded from now on because 
of the approximate character of the calculations. This is to be con- 
sidered in judging the accuracy of the results. 

2. The gas mixture will naturally not adopt a strictly constant tem- 
perature T. Rather a temperature gradient will prevail from the 
interior to the edge. By the temperature T in (4) there is to be under- 
stood an average value suitably determined from the spatially variable 
temperature of the gas mixture. 

Under these assumptions, we shall now examine what happens when 
an explosion occurs. Qualitatively this has been known since van't 
Hoff.^ If (Fig. 1) we plot the heat produced in a unit of time (dqi/dt) 
against the temperature, the path shown will result according to (3). 
A heating of the gas mixture can take place only as long as the heat 
produced is greater than that given off. If the latter (dq 2 /dt) is given 
according to (4) by the straight line in Fig. 1, the mixture can heat up 
only to the temperature Ti. Above this temperature, the heat given 
off would exceed the heat produced. If, however, by reason of a different 
choice of experimental conditions, e.p., the use of a larger reaction vessel, 
the heat given off per unit of time were given by the dotted line, more 
heat would constantly be produced than was given off. Accordingly, 
the temperature in the reaction vessel would grow beyond all bounds, 
and an explosion would result.* 

Wan’t Hoff, J. H., ^‘Etudes de dynamique chimique,^* 1884. 

® As long as one disregards the redtietion of concentration of the end products as a 
result of the transformation, which finally causes the speed of reaction to be reduced. 
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In the following, we shall be guided by the presentation of Semenofif,^ 
who was the first to formulate the conditions necessary for the appearance 
of an explosion quantitatively in connection with the situation prevailing 
in Fig. 1.^ We present the processes once more in a graph in Fig. 2. 
At a constant gas temperature To and a constant mixture proportion, the 
heat lost by conduction is shown by the straight line 7, even when the 
pressure in the reaction vessel varies (up to corrections conditioned 
by varying convection), since the heat conductivity of a gas is inde- 
pendent of the pressure, except for very small pressures that do not come 
into consideration here. If the proportions of the mixture are changed, 



Fio. 1. — Heat given off {dq%ldi) 
and heat produced {dqxfdi) in an exo- 
thermic reaction. 



Fig. 2. — Treatment of thermal explosion 
according to Semenoff. Heat produced 
(1, 2, 3) and heat given off, /. 


the direction of the straight lines will change too — a fact that will not 
be taken into account here but should be considered occasionally in 
practice. 

For the heat produced, three different curves are given in Fig. 2. 
They belong to the same mixture but to different pressures. In contrast 
to the heat lost by conduction, the heat liberated has higher values as 
the pressure increases; and here the more exact law according to which the 
production of heat depends on the pressure is expressed by the equation of 
the speed of reaction. Under our special assumptions (1), (2), and (3), 
dqildt would be proportional to 

One can see from Fig. 2 that under the conditions of curve 2 no 
explosion can result, but rather that a gas temperature slightly higher 
than the outer temperature To would result. In curve 3, auto-ignition 
would certainly take place, since more heat is constantly produced than 

1 Semenoff, N., Z. Physikj 48 , 571 (1928); cf. Also Chemical Kinetics and Chain 
Reactions," Oxford, 1935. 

* A corresponding graph has been discussed by Taffanel and Le Floche [Compt 
rend., 166, 1544; 167, 496, 714 (1913)]. 
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is lost by conduction. Curve 1 represents that borderline case in which 
the curve and the straight line meet and in which at the point of contact 
at Ti an unstable equilibrium would exist between heat production and 
heat loss; by a small addition of energy from the outside^ the unstable 
condition must change into explosion. Mathematical principles must 
give us the law for the critical limits of explosion. By critical limits of 
explosion, we mean either the temperature above which, at constant 
pressure, auto-ignition sets in (temperature of ignition) or the pressure 
above which, at constant temperature, explosion takes place. 

Curve 1 is obviously characterized by the fact that, for T == Ti, 
dqildt = dq^/dt and their derivations according to temperature are 
equal. In other words, 

and 

\dTdtJr.r, Kdr'diJr^r. 

If we substitute for dqi/dt and dq^/di the values from (3) and (4), we get 
QVJ exp = A (fx - To) (5a) 

RT\ ^ (~ RT^ "" 

From this, by means of division, 


and, by substitution in (5a), 
QVf exp 


~E - - ^0 


(-A)' 


E 


(7) 

( 8 ) 


From (7), we get the rise in temperature of the gas Ti — To under the 
critical conditions. In order to gain a comprehensive view, let us 
substitute the following approximate values as they correspond to 
actual conditions in oxidation reactions within the range: To = 500° to 
1000° abs; E = 50,000 cal; 12 = 2 cal/deg. 

First of aU, (7) leads to 


E r T^ 

~ 2R-yl R ^ 


(9) 


Since the solution cannot yield a ridiculously high temperature, as would 
be the case with the plus sign and substitution, it must be clear that 


T - - I- IjE 4. j®!. 

212 \ i2 


( 10 ) 
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If we assume that is small compared with E/R according to the values 
indicated, we get, by development including terms up to terms of the 
second order in R/E^ 



E 

/, TAR 




“ 2R 

2R^ 

E 




^ E 
— 2R 

2R\ 

' 2RTo 
: -E- 

2R^Tt\ 

E^~) 

_ T , ry? 

( 11 ) 



Ti — To = 

RTl 

E 


( 12 ) 


a result that would also have been achieved directly from (7) by the 
substitution of Ta for Tx on the left-hand side. 

If we now proceed to (5a), first of all 

QVS exp j j = A (13) 

Since (c/. page 7) RTojE <K 1, we get the following approximation: 


1 ^ 1 _ RTj 

RTo— E 


and thus 


1 _I_ ” 

T- -E 


E ( 

, rtX 

RTo\ 

‘ - t)J 


Employing logarithms results in 

In eQVJ - -Jr = In + 2 In 2’„ (15) 


We now limit this by introducing, according to (2), / = other 

words by assuming a bimolecular reaction. Accordingly 


or 


In 


In eQVP + 2 In p 



_ E 
RTo 

eQV^E 

AR 


= In ^ + 2 \n To 
E 


(IG) 

(17) 


Equation (17) is the condition for the appearance of thermal explosion 
deduced by Semenoff;^ it represents a relation between the critical 
pressure of explosion per, the temperature of the container To, and the 
heat of activation of the reaction E, The greater the pressure, the lower 
the temperature at which the mixture explodes (f.e., ignites). 

^ Without the limitations given above; c/. pp. 14ir. 
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It should be pointed out that the above-mentioned suppositions 
were necessary for deducing this equation, and particularly that the 
limitationis for a reaction of the second order, / ^ p®. For reactions of 
other orders, the equation would have to be modified (c/. page 16). 
If these suppoisitions are fulfilled and if the critical pressures of explosion 
dependent on the temperature have been determined, then plotting 
log p erf To against 1/To must yield a straight line. From the slope of 
these straight lines, the heat of activation of the reaction E may be 
determined. 

We shall see later that thermal explosion is not the only way in 
which an explosion can develop and that, for the other borderline case, 
the explosion by chain-branching, a relation similar to (17) can be 
deduced. One must therefore not conclude from the form of the observed 
relation that according to (17) one is dealing with a thermal explosion. 
Rather, it is necessary to make a detailed analysis of the conditions. 

The following will demonstrate at this point that thermal explosion 
is not the only possible mechanism. All previous considerations w^ere 
based on the unexpressed supposition that all the energy liberated during 
the transformation is present as heat. ^*To be liberated as heat'^ 
means that the energy is divided among all degrees of freedom of the 
system in a manner corresponding to the equilibrium temperature of the 
moment. This supposition, w^hich perhaps sounds self-evident at first, 
need not necessarily be fidfilled. The attainment of the equilibrium 
temperature in the gas is a process that demands a definite, though 
perhaps brief, time.^ But if the energy being liberated during the reac- 
tion should appear as activation energy of individual particles of rela- 
tively long duration (let us say in the form of free atoms or radicals, 
wiuch can hasten the reaction themselves, \vithout a rise in temperature 
on the part of the gas as a w^hole), then all calculations given above are 
invalid. It is precisely with such cases that we shall have to deal in 
Chap. VIII. 

It can be considered a sufficient test for the presence of a pure thermal 
explosion if the mechanism of the nonexplosive reactions and their 
temperature coefficient have been determined and if this temperature 
coefficient (in the case of a biraolecular reaction) coincides with the value 
calculated from (17). Particularly, if it has been found that no chain 
reaction is present, one can be sure that one is dealing with a pure 
thermal explosion. Thermal explosion can, however, also appear in 
chain reactions. It would be well in such cases to make sure by direct 
measurement of the rise in temperature before the explosion that the rise 
in temperature and not chain-branching was the cause of explosion. 

The cases of definitely established thermal explosions are relatively 

^ Cf. BfeRGMANN, L., “Der UltraschalP’ (The Ultra-sound), Berlin, 1937. 
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rare, although it is to be assumed that, at least under certain conditions, 
this process is quite frequent. 

A direct test establishing the presence of a thermal explosion by 
direct temperature measurements in a reaction mixture has been suc- 
cessful in only a few cases thus far, e.g.j in the study of the decomposition 
of azomethane (Allen and Rice^, as well as in the decomposition of 
ethyl azide (Campbell and Rice 2 ). In these examples, a chain mecha- 
nism seems less likely by the very nature of the transformations. 

Rice and his associates have also analyzed in greater detail the time 
factor of a thermal explosion and have compared the results with the 
times of induction found in the experiments (or conversely have computed 



Fig. 3. — Same as Fig. 2 . Added are Fig. 4. — Temporal course of the 

the curves Ai, A 2 , and As, which indicate temperature in cases 1, 2, and 3, as 

how much more heat is developed in a unit given in Fig. 3. 

of time than is given off. 

heats of reaction from them). From what appears in Fig. 2 and in a 
modified form is repeated in Fig. 3, the following Ls clear: in addition 
to the curves for heat generated (1, 2, 3) and heat given off (straight 
line /), Fig. 3 also gives as differences the curves Ai, A2, A3, respectively, to 
plot the difference between the heat produced and the heat given off. 
The heating velocity of the mixture will be proportional to this difference 
at every temperature. In Case 1, the temperature would rise only 
to Ti and would then become constant. But if, by a minute disturbance, 
it should go beyond Ti, it would then rise by itself without limit® (at least 
as long as the consumption of the initial materials is disregarded). 

^ Allen, A.O., and O.K. Rice, J. A. Chem. Soc.j 67, 310 (1935). 

® Campbell, H.C., and O.K. Rice, J. Am. Chem. Soc.j 67, 1044 (1935). 

® As we shall see later, the temperature in Case 1 would have to fall again, since 
with increasing transformation at constant temperature the reaction velocity must 
decrease. Up to this point, we have disregarded this fact because we were always 
dealing only with a brief initial period. 
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In Case 3, T will never be stationary, since A always remains finite 
and positive. Since, however, As also traverses a minimum, the velocity 
of the rise in temperature will traverse a minimum also in Case 3; or, 
if temperature is plotted against time, the corresponding curve will show 
a turning point. The change of temperature in relation to time is 
therefore given graphically for Cases 1, 2, and 3 in Fig. 4. Thus the 
final decrease of the reaction velocity as the result of the consumption 
of the initial materials is taken into account. In Case 3, the curve would 
also have to pass finally through a maximum, since with increasing 
transformation the reaction velocity will finally diminish again. 

What has been presented qualitatively in Fig. 4 constitutes a study 
by Rice, Allen, and Campbell.^ Using our former symbols [Eqs. (3) 
and (4)], the excess of the heat liberated in a unit of time over that given 
off becomes 


a - 1 - a’ - (- m) - 

In order that the equation will be valid beyond the very first stage, the 
variability of the concentrations must be taken into account, for which 
we introduce at this point (following Rice) an exponential relation cor- 
responding to a monomolecular reaction 

/ n = (19) 


in which k again depends on the temperature exponentially according to 
(1), a fact that materially complicates the integration.^ If one divides 
the average heat capacity® of the mixture by rioVcv in order to proceed 
from heat energy to temperature change, (18) becomes 


^ ^ exD ^ 

noFc. dt RTj 


A 

woFc„ 


(T - To) 


( 20 ) 


This is the differential equation from which Rice and his associates 
proceed. Numerically it can be integrated only with great difficulty, 
a task that Rice and his associates have undertaken for a number of 
parameters. Qualitatively a group of curves such as those given in Fig. 4 
result. We can give no further details because of lack of space. The 
same authors also give approximation methods for the treatment of the 
problem with w^hich we cannot deal m detail here either. We wish merely 
to mention that they permit the determination of the heat of reaction 


1 Rice, O.K., A.O. Allen, and H.C. Campbell, Am. Chem. Soc., 67, 2212 (1935). 

* Since the experiments of Rice deal with an exothermic monomolecular reaction 
leading to an explosion, this relation is justified. 

* Cv is the mol specific heat per mol of the reaction mixture. 
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from individual explosion experiments (instead of from the maximum 
pressure) and that the agreement of the values obtained from a series of 
experiments permits conclusions about the suppositions made regarding 
the presence of a thermal explosion. In the case of reactions of azo- 
methane and ethyl azide, these facts also corroborate the existence of a 

thermal explosion. 

Later we shall enlarge briefly on the more 

V general treatment of the equations for thermal 

explosions, but we wish to include several 

other remarks on the subject at this point. 

The relation deduced for the critical limit 

of explosion in Eq. (17) is given qualitatively 

in Fig. 5. The shaded portion of the curve on 

the right side (Fig. 5) corresponds to the 

' ji region in which explosion takes place [this is 

Fig. 5.— Explosion limit in also true qualitatively, if one does not intro- 

thermal explosion (explosion Jnce the limitation in respect to reactions of 
on the shaded side). ^ 

the second order, as contained in Eq. (17), 
and only if the order of the reaction is >0]. It is, to be sure, a general 
observation that such a critical limit of pressure exists, but a course of 
reaction such as is given in Fig. 6, or better in Fig. 7, is frequently found 
also. In Fig. 6, only the section of the curve AB could correspond to a 
thermal explosion, whereas the absence of the explosion above a certain 
pressure, curve BC, must, from the standpoint of the theory of heat and 
without further assumptions (such as specific wall influences), remain 



Fig. 6. Fig. 7. 

Figs. 6 and 7. — Observed explosion limits that cannot be interpreted as thermal explosion. 

completely incomprehensible. In Fig. 7, one could assume that the 
section CD of the curve would correspond to a thermal explosion, but 
the two additional limits of pressure appearing between Ti and T 2 
(branches AB and BC) could not be understood in this manner. Further 
details on this matter will be given in Chap. VIII. 

As far as the terms are concerned, it should be kept in mind that the 
term “limit of explosion is used throughout the literature in a double 
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sense. It is used first — and on this meaning the observations thus far 
have been based — as the limit of pressure below or above which, in a 
mixture of a given composition, at a given temperature, explosion 
of itself just fails to occur. The term is also used as limits of composition 
outside of which an explosion, by external ignition, in a mixture of given 
pressure (usually atmospheric pressure) and given temperature (usually 
room temperature), cannot propagate. If one speaks only of upper or 
lower limits of explosion, one generally means, especially in the technical 
literature, the limits of the composition of the mixture for external 
ignition. It would perhaps be advisable to differentiate both concepts 
by speaking of critical pressure limits for spontaneous explosion, and of 
critical composition (mixture) limits for external ignition, or rather 
of ignition limits. The critical mixture limit will of course also depend 
in general on the temperature and pressure; higher temperature or 
higher pressure will in general, but not always, hasten explosion and 
therefore extend the critical range. 

Insofar as these conditions arc to be interpreted purely on the basis 
of the theory of heat, it can be seen from the foregoing that all such 
entities will depend on the method employed (e.g.y in all cases the con- 
duction of heat dep(inds on the dimensions of the container) and that 
they therefore cannot be characteristic constants for the fuel alone. 
In addition, it must be noted that, in determining the critical mixture 
limits by means of external ignition (ignition by sparks, flames, etc.), 
it is a matter not only of whether an explosion can take place at all in the 
mixture in question, but in addition of whether an explosion induced at 
one place propagates to the unburned mixture. Practically, there- 
fore, problems of the propagation of the flame will always play an essential 
role. These Avill be treated in greater detail in Chap. III. 

Even though it is useless to establish the ignition temperatures 
and explosion limits characteristic of the individual fuel independent of 
external conditions, a considerable technical interest nevertheless exists 
in determining the ignitibility of gas mixtures for conditions that actually 
occur, whether producing the ignition is important — as in the gas and 
gasoline engine, the gas burner, etc. — or whether on the contrary its 
avoidance is important, as in various explosive mixtures in the atmos- 
phere. There is, then, a practical reason for defining and determining the 
above-mentioned entities for thcvse special conditions, as long as the sur- 
rounding conditions have been determined accurately. A general review 
of the experimental methods for determining the ignition temperatures 
and the results achieved appears at the end of this chapter. 

Even though, as has been mentioned, by no means is every explosion 
caused by a rise in temperature, every explosion must (even if it began 
to develop exothermally as a chain explosion) change over finally to 
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the type of the above-described heat explbsions, as soon as the reaction 
velocity, and hence the production of heat, has exceeded a certain limit- 
ing value. We shall have to use this later (Chap. VIII) in defining 
explosions. 

For the suppression of explosions, we can draw the following practical 
conclusions: according to the theory of heat, an addition of inert gases, 
which increases the heat capacity, must tend to reduce the reaction 
velocity (e.g.j carbonic acid with high specific heat). Further, an addi- 
tion of gases of high normal thermal conductivity (helium) can increase 
the conduction and thus reduce the inclination toward autoignition. 

The conditions for thermal explosion given above could also be applied 
to the case of heterogeneous mixtures, e.g., coal dust in air or the processes 
in the Diesel engine, i.e.y fuel fog in air. Only the function that gives 
the dependence of the velocity of reaction on pressure, concentration, 
and temperature would thereby become more complicated. Then 
— as, for instance, in the case of coal dust — the phase-limit reaction would 
enter in ; whereas in Diesel combustion the heat-producing reaction would 
occur mainly in the gas phase, but the vaporization process of the drops 
would have to be considered as a heatr-consuming transformation codeter- 
mining the velocity {cf. Chap. XIII). 

3 . Detailed Discussion of the Explosion Equations. — In the following, we shall 
treat a number of special cases of thermal explosion in connection with the work by 
Todes.^ The calculations of Todes arc, to be sure, only approximate (in no other 
way is an evaluation in a general form possible). Since', the equations can easily be 
generalized and since they can be integrated more accurately in the individual case by 
means of numerical methods, they may be of service as a point of departure also for 
more exact calculations in important practical cases. 

We proceed from our Eq. (18) 

= I = ( 18 ) 

which we shall transcribe to the extent of introducing a more general expression^ for 
the reaction velocity / exp (— E/RT) 

A) (21) 

where F(n/no) is any function of the percentile transformation, which, especially for 
reactions of the first, second order, etc., goes over into w/no, (w/wo)^, etc.; k is not the 
real constant of velocity, but k = if v is the order of the reaction, and k is 

therefore constant only during an experiment (in a more general case, the concentra- 
tions of the various reagents would have to be introduced). 

We introduce with Todes the dimensionless variables 

« = ^ e = T = (22) 

Tlo I 0 

^ Todes, O.M., Acta Physicochim. URSSj 6, 785 (1936). Cf. also Appin, A., 
J. Chariton, and O. Todes, Acta Physicochim. URSS, 6, 655 (1936). 

* n here designates the concentration of the initial products. 
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and the dimensionless constants 

E . Q 4 1 ^ , 1 

“ = sr„ «- = («.-)- (23) 

X is the relative heat effeet,” in other words, the maximum rise in temperature, 
related to the absolute initial temperature X ~ (7'„ — To) /To, where Tm is the maxi- 
mum temperature reaclu^d in adiabatic combustion assuming constant thermal 
capacity (X normally lies between 1 and something over 10) ; is the reduced (dimen- 
sionless) thermal relaxing time {i.e.y the reduced time in which the temperature differ- 
ence T ~ To would sink to 1/c of its amount by conduction) ; Tr correspondingly is the 
“reaction time.” 

By means of the abbreviations (22) and (23), one gets, for the reduced reaction 
velocity, 

- ^ = (24) 

and, for the reduced velocity of heating, 

^ = XF(|)e-»/e - ;.(0 - 1) (25) 

Equation (25) therefore corresponds to Eq. (20) of Rice and associates. For the 
conditions of the work of these authors, the investigations of Todes offer nothing new. 
On the contrary, Todes does not give solutions of such a general nature that they would 
be equivalent to numerical integrations of Rice. The importance of Todes’s w’ork 
lies rather in the fact that it furnishes the course of transformation for a series of 
special cases interesting from a technical point of view. These are to be discussed 
now. 

a. Reaction of the ^^Zero Order. — The assumption of a reaction of the zero order, 
i.e.y a reaction velocity independent of the concentration, is justified when the cxplo- 
rion develops in so short a time that the initial concentration has not yet noticeably 
seduced. For this purpose, E(is. (24) and (25) simplify to 

- ^ = (26a) 

and 

^ - ;x(0 - 1) (265) 

Under variable pressure, a and X remain unchanged, while the “relative loss of heat” 
(which according to (23) is proportional to 1 /{not)] is reduced with rising pressure. 

As discussed earlier (Figs. 1 and 2), depending on the value of m, the heat produc- 
tion constantly exceeds the loss, or, at a slightly higher temperature, equilibrium is 
reached. 

The conditions for c‘xi)losion formulated earlier can now bo written 

= ^i{0, - 1) (Xe-« U(0 - 1)], (27) 

For the critical temperature of explosion 0** we obtain from this the quadratic 
equation corresponding to (12) 

0^ - a(0t - 1) = 0 

* 0* corresponds not to the earlier To but to Ti on p. 7. 


( 28 ) 
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and from this 


e* 




and thus the first equation (27) 




O* - 1 


^ \ae-<^ a 



( 29 ) 


(30) 


According to Semenoff, we obtain the generalized condition for explosion if we put 
with (23)* 


and 


surface of container 
diameter of container 


diameter of container 


d 


(31) 


nok 



(32) 


since the velocity in a reaction of the j'ih order is proportional to the Hh power of the 
concentration, which on its part is again proportional to p/T, whiles /(y) is a function 
of the relative gas composition. The assumption (32) does not contradict the pre- 
supposition of a reaction of zero order introduced above, for this merely states that 
the expression (32) is kept constant in the observed reaction. More problematic is 
the assumption (31), which can probably be fulfilled only roughly. Thus one obtains 
from (30) 

pk proportional ^2 (33; 


and by utilizing logarithms 

In ^ = A ^ -f - In To + const 

i 0 V HI 0 V 


(34) 


In addition, there follows from (33) for constant and j\y) as a condition for the 
dependence of the critical pressure on the diameter of the (!ontain(>r 

~ const (35) 

a relation that is only approximate and in a formally similar manner can also be 
obtained in chain explosions. 

6. Near Isothermal Reactions . — If the relative conduction of heat is great compared 
with the critical conduction leading to explosion, if, therefore, 


M ^ — oeXe/i “ 


(3G) 


the Eqs. (26) can be approximately integrated, because then also 0 — 1 must be of a 
small magnitude and, by developing the exponential function according to powers 
of (0 — 1) from (266), we get 

^ = Xe-“ - (m - aXe-“)(e - 1) (37) 


* The amount of heat given off to the wall will be proportional to its size and to 
the drop in temperature. The latter will be approximately inversely proportional 
to d. Todes makes a different attack, which is not correct, however. 

t The dependence on temperature is not exact, since that of the number of colli- 
sions has not been taken into account. 
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which, integrated, yields (again under the assumption of a reaction of zero order, 
i.e., coefficients independent of r, in other words, for a small transformation) 

e therefore trends asymptotically toward the maximum value (so that we use the 
fact that a in general is large compared with 1) 

= 1 + V (exactly = 1 - (39) 

e follows exactly from the maximum condition deduced from (266) 

^ = 0 = - mO. - 1) (40) 

ar 

For the given value of a, the maximum temperatures 08 dependent on X/^u are given 
by a curve like that given in I'ig. 8. For X//i values above X//xa, there is no longer a 



Fig. 8. — Reduced maximum temperature 0 at almost isothermic reaction, for a = 40. 

{From Todes.) 

fixed temperature O*, a situation demanded also by our earlier remarks. It is note- 
worthy that, in the example cited, the highest fixed temperature possible lies only 
around 2.7 above the initial temperature (which is also the same order of magnitude 
as the temperature rises measured by Rice and his associates). This shows once more 
that tlie very first initial stage is the determining factor for the development of the 
(ixplosion. 

c. Adiabatic and Near Adiabatic Explosion; Induction Period . — In adiabatic cases, 
the relative heat conduction in (266) is to be disregarded, and one obtains 

^ = xe-«/o (41) 

ar 

As a solution, one finds 

Xt = [,xEi(,a) - c“] - (|) - (42) 

in which Ei is the exponential integral:^ 

ET / \ I 

‘ Tabulated, for example, by Jahnke-Emde, “Tables of Functions.” 


( 43 ) 
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For [x] > 17, the asymptotic development holds 



-f • 



( 44 ) 


from which it is clear that for most of the values in question from a( > 20) through 
the order of magnitudes of tX is given by the first member in (42) [the second is about 
l/c of the first, in case G =1 + (1/a)]. An increase of the temperature G to about 
1 + (l/«), results in an induction period of the order of magnitude 

(45) 


By using (22) and (23), the induction period U becomes 


ti 


kEQ 


The remaining temperature increase takes place then in an extraordinarily short time 
(Fig. 9). 

In referring to the course of the curve in Fig. 9, it must be remembered that, in 
contrast to the earlier treatment according to Rice, 
heat conduction as well as the decrease in reaction 
velocity caused by the decrease in the concentrations 
is disregarded. Neglecting the heat conduction 
causes the disappearance of the turning point in the 
heating curve. 

Todes corrects the calculation somewhat by taking 
into account low heat conduction and sets up also in 
this case an approximate relation for the induction 
period. As a maximum period, he obtains the 1.7 fold 
of the induction period in adiabatic cases. (This 
extrapolation is probably not very important.) It is 
again noteworthy that, for the transformation during 
the induction period, one obtains only an order of 
magnitude of 1 per cent of the total transformation. 
d. Forced Ignition . — By forced ignition, Todes 
understands ignition caused by the creation of initial centc^rs of reaction by other than 
thermal means, ^.<7., by lighting. When this is possible, one is normally dealing with 
chain reactions. Nevertheless, the case dealt with by Todes is dilTerent from so-called 
“chain explosions,” in which the branching of the (diains, without a, rise in tempera- 
ture and independent of the initial concentration of the active center.s, h'ads to explo- 
sion. Here, however, although we may be dealing with a chain reaction, the heat 
production dependent on the initial concentration of the active centers causes the 
explosion. On account of details of calculation, wliicdi, by the way, seem to need 
correction, we refer the reader to Todes. 

Since, in spark ignition, one is not dealing with chain explosions the conditions of 
the above-discussed case might prevail within the spark. This will be discussed later 
e. Ignition by Adiabatic Compression . — Ignition by adiabatic compression is differ- 
ent from ignition by heating the gas in a closed container in the following way. In 
adiabatic compression, the gas generally reaches a perceptible reaction velocity only 
at temperatures considerably above those of the wall, since the wall, in contrast to the 
other case, is not heated too. As a result, there will always be a relatively much 




V 


Fig. 9. — Temporal course 
of the temperature (reduced 
magnitudes) in adiabatic ex- 
plosion; induction period tu 
{From Todes.) 
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greater conduction of heat from the gas to the wall than when the whole container is 
heated. Although, during the heating of the container to temperatures not sufficient 
for explosion, the gas temperature must always rise a little before it becomes fixed, the 
temperature in adiabatic condensation that does not lead to explosion can drop, but 
to a stationary value still above the wall temperature. Heat production {dqi/dt) and 
heat conduction (dq^/dl) will be given by two curves, as in Fig. 10 (with the same 
approximation as before). Only with very slight compression for temperatures under 
Te will the reaction temperature rise to the stationary terminal value T, as the result 
of self-heating of the mixture. In tempera- 
tures due to compression between Ta and To, ^ 
heat conduction predominates, and the tem- 
perature of the mixture will drop to the static 
terminal value Tg. Only in terminal tem- 
peratures of compression above Ta will 
explosion result. 

Todes treats this case in the same manner 
as the others and finds a relation among the 
terminal temperature of compression 7'a, the 
container temperature To, and the pressure p. 

This, then, is equivalent to equation (17), or 
rather (34) 

j) I 1 10. —Ignition by adiabatic 

In ^ = “pm — h “ In (Ta — To) 4" const compression; heat production and con- 
la villa V duction analogous to Figs. 1 and 2. 

(46) (From Todes.) 



To what extent the assumptions necessary for the derivation are fulfilled would have 
to be determined in each case. Analogous to the method in the preceding section, 
one can estimate an induction period n for the terminal temperature of compression 
Ta > Ta 


T* 


p-i/(7) 


qE/RT« 


(47) 


The relation permits, under certain circumstances, the determination of the heat of 
activation of a reaction from observed periods of induction at various temperatures. 

In all experiments with adiabatic compression, one must keep in mind that, besides 
temperature changes, a variation in the reaction velocities is caused by the rise in 
pressure at the same time. 

These processes are important because a considerable number of so-called “igni- 
tion temperatures’’ are determined by adiabatic compression, and also because the 
condition of the unbumed gas mixture in the combustion engine is described by the 
information given above. An improvement in the calculations might be possible by 
numerical integration. 

4. Examples of Thermal Explosions. — Of the greater number of 
known reactions, only a few have been thus far identified as thermal 
explosions with any degree of certainty. Probably the examples of the 
decomposition of azomethane and ethyl azide already mentioned are 
such cases (c/. page 10). According to Sagulin,^ the disintegration 
of chlorine monoxide, CI 2 O, should lead to a thermal explosion. As an 

' Sagulin, A.B., Z, physik. Chem., Sec. B, 1, 275 (1928). 
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empirical relation for the critical pressure of explosion, he finds 

with A = 2500. According to Hinshelwood, ^ the disintegration reaction 
of CI 2 O takes a homogeneous course according to the second order, cor- 
responding to an expression of velocity 

7 ; = j^p2e-n,ooo/itT 


which would lead to A = 2300. 

This cannot be reconciled with the much more complicated effect 
that this reaction shows according to Schumacher.^ 

Farkas*^ has studied more closely the reaction of hydrogen sulphide 
with oxygen and found that a chain reaction exists, to be sure, and that 
the condition of the wall has a strong influence on the velocity of reaction 
and the appearance of the explosion, but that a marked increase in 
temperature precedes the latter. This rise was determined by use of a 
Wollaston wire stretched in the container as a resistance thermometer. 
It was observed, for example, that, at 300 mm pressure and an initial 
temperature of 250°C, explosion took place after 14.8 sec. During this 
time, the temperature had increased to 342°C, which represents an 
extraordinary rise in the induction period.'^ According to Farkas, 
the critical limit of explosion can, to be sure, be represented by an 
exponential relation, but the heat of activation varies with the condition 
of the wall. This should not be the case in thermal explosion. Clearly 
one is dealing with a process here in which, in addition to chain-branching, 
the production of heat is essential for the appearance of explosion. It is 
remarkable that complete transformation is not ahvays effected immedi- 
ately in the explosion, but that a series of explosions, up to five, can 
follow upon one another. 

Appin, Chariton, and Todes^ have studied the thermal disintegration 

^ Hinshelwood, C.N., J. Chem, Soc.j 1923, p. 2730. 

* C/. the presentation by H. J. Schumacher, “ Cheinische Gasreaktionen,” Dresden, 
1938. 

3 Farkas, L., Z. Elektrochem.j 37, 670 (1931). Cf. also Thompson, H.W., J. Phys. 
Chem., 36, 3639 (1931). Taylor, II. A., and E.M. Livingston, J. Phys. Chem., 36, 
2676 (1931); 36, 1041 (1932). Thompson, H.W., and N. St. Kelland, J. Chem. 
Soc., 1931, p. 1809. Thompson, H.W., Nature, 127, 629 (1931). Cf. also Semenoff, 
N., Chemical Kinetics and Chain Reactions,” Oxford, 1935. 

^ In a thermal explosion, the rise should amount to about RT^jE. Thus the rise 
above seems high. The suspicion therefore arises that a catalytic reaction takes place 
on the surface of the wire, as also in other cases [in cthanoxidation in the presence of 
methyl nitrite]; Gimmelmann, G.A., and M.B. Neumann, Acta Physicochim. URSS, 
7 , 221 (1937). 

« Appin, A., J. Chariton, and O. Todes, Acta Physicochim. URSS, 6, 654 (1936). 
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and the explosion of methyl nitrite. Between 210° and 240°C and at 
pressures of 6 to 15 mm Hg, the course of the disintegration is homo- 
geneous and, according to the first order with a velocity constant, 

7 OK 1A14 f 39,500\ 
k = 2.5 10“ exp ( - 1 

At higher temperatures and pressures, the disintegration becomes 
explosive. For disintegration in a cylindrical glass container with an 
inner diameter of 3.4 cm and a volume of 130 cm^, the following pressure 
limits of explosion were found: 


Temp., °C 

324 

311 

294 

280 

273 

261 

256 

249.5 

248 

246.5 

Pfc, mm Hg 

4.2 

5.5 

8.5 

13 

17 

34 

46 

87 

107 

163 


The critical pressures of explosion, to be sure, decrease rapidly 
and regularly with rising temperature, but the dependence is nevertheless 
not to be represented by a simple relation between log (pkTl) and l/T*. 
According to the authors, this might be due to the fact that, at higher 
temperatures, the induction periods for ignition are either just about as 
long or shorter than the time that the gas needs for streaming into the 
reaction container. Thus the first part of the mixture might have 
reacted before the rest streamed in and the ignition as a whole would 
suffer. Wlu'ther this interpretation is correct would have to be tested in 
further expo r imc;ri ts . 

The same reaction has been studied in greater detail below 240° by 
Steacie and his associates (cf. Schumacher, ^^Chemische Gasreaktionen^O- 
It takes its course by a chain pattern, which, however, need not exclude 
the possibility of thermal explosion. 

From the observed dependence of the periods of induction on the 
temperature, an activation energy of about 35 kcal is computed, in 
sufficient conformity with the value found for the velocity of reaction. 
From all these observations, the authors feel confident that they can 
deduce the presence of a thermal explosion. 

According to Gimmelman and Neumann^ (cf. Chap. XI), ethane 
combustion in the presence of methyl nitrite is a process compounded of 
chain and thermal processes. Methane combustion, which according to 
Sachse can be considered a thermal explosion, is treated in Chap. XI. 

The process of thermal explosion is probably more frequently realized 
in those cases in which, at higher pressures, auto-ignition takes place 
with a short induction period. On account of experimental difficulties, 
these processes have not been studied very much. 

6. Ignition by Heated Surfaces, — Until now we have treated the 
process in which a considerable mass of gas was heated either by heating 

‘ Gimmelman, G.A., and M.B. Neumann, Acta Physicochim. URSS, 7, 221 (1937). 
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the container or by adiabatic compression. We shall now consider the 
case in which a considerable quantity of cold or moderately warm gas 
is brought into contact with a hot surface at only one point — a process 
that is less favorable to ignition than the one formerly discussed. 

In ignition by heated surfaces (e.g., red-hot wires), catalytic influences 
in general play a considerable role. According to whether the surface 
in question introduces or breaks off reaction chains especially vigorously, 
the surface will begin to be effective at particularly low or only at very 
high temperatures. 

We shall here again disregard these influenccis completely and shall 
study the ignition insofar as it is explainable exclusively by thermal 
effects. We can, as we shall later (pages 45/.) in the case of spark 
ignition, perform a rough calculation by comparison with the correspond- 
ing conditions in thermal explosion in a heated container. We shall 



Fkj. 11. — V'ariatiori of the tempera- 
ture and eoiieent mi ion of the initial mate- 
ria U a, vvitii reaction in a chamber heated 
on one wide, witfi x == 0, of the length d; 
qualitative, hzw — or 



U 2d~ ^ 

Fid. 12. — Variation of the tempera- 
ture witli reaction in a chamber heated 
on all sides of the length 2d\ qualitative. 


especially consider a cylindrical container of the length d (Fig. 11) whose 
left end surface is to be heated to the temperature 1\ while the right end 
is to be at room temperature To. A passage of iu^at through the cylinder 
casing is to be disregarded. Without reaction, we should have a linear 
drop in temperature in a static condition of Ti to To with a heat flow 
proportional, ^ {T\ — To)/ d. If, on the other hand, we had a reaction 
in a container heated on all sides with a distance from the wall of 2d (Fig. 
12), the maximum static temperature would be To + AT, existing before 
an explosion, only a few per c.ent higher than the wall temperature 
Tq (cf. page 17). The flow of heat to one side would be about AT/d, 
that is, only a few per cent of the flow appearing in the case of Fig. 11. 
If, therefore, the velocity of reaction in Fig. 11 is to increase without 
limit, then, because of the higher losses of heat, this velocity of reaction 
in the neighborhood of the hot wall will probably hn ve to be ten to one 
hundred times higher than the temperature To + AT of Fig. 12. That 
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would mean, however, that the hot surface would have to be considerably 
warmer than the walls of a closed container if the same mixture is to be 
ignited. If, as is usually the case, the heat conduction conditions were 
less favorable than in Fig. 11 (a small igniting surface in a larger gas 
mass), one must raise the temperature correspondingly higher to com- 
pensate for the increased heat losses. At any rate, the theory of heat 
informs us that, under certain circumstances, hot surfaces can be brought 
into a gas mixture, the temperatures of which lie considerably above the 
previously determined ignition temperatures, without causing general 
ignition. 

As in the examples of induced ignition to be treated later, it is not 
difficult in ignition by liot surfaces to set up a differential equation, as 
long as it is kept on the basis of a pure theory of heat. If we restrict 
ourselves to the easily generalized linear problem of Fig. 11, we get 
for the temperature change with time 


dT 

dt 


d^T . Q 



(48) 


in which the first member to the right gives the cooling by conduction, 
the second the heating by chemical reaction.^ For the sake of simplicity 
we have assumed a reaction of the first order and therefore included n, the 
momentary mol-number of the initial material contained in a unit volume 
as the factor, p therefore represents the coefficient of velocity. An 
integration of this equation offers the same difficulty as does the case of 
spark ignition {cf. Chaps, II and X) and could be solved numerically 
only in the individual case. 

Just as in spark ignition, so here too an exact treatment would 
demand taking into account the influence of diffusion. In the proximity 
of the hot plate (Fig. 11), the reaction will be most vigorous. As a result, 
a drop in concenti-ation will occur for the initial products (dotted line of 
Fig. 11), and a diffusion stream directed against the hot stream will 
constantly lead new initial material into the zone of the most vigorous 
reaction (and conversely, of course, the reaction products will constantly 
be led off out of this zone by diffusion). For the concentration, which 
changes by diffusion (diffusion coefficient D) and chemical reaction, there 


^ In this equation ~ ^ be the general heat-conduction equation for 

the one-dimeiusional case {cf. e.g., Frank-Mises, Differential- und Integralglei- 
chunger der Physik,” F. Viewig & Son, Brunswick, 1930/35); k means the “ability to 

conduct temperature,” /c ~ if X is the ability to conduct heat, c the mean specific 

heat per mass unit, and <t the density. For the sake of simplicity, k is considered 
constant. The second member is (48) contains the raising of the temperature by 
chemical reaction. The corresponding relations are discussed in greater detail on 
p. 117. 
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would result an equation analogous to (48) 

dn _ / E\ .... 

It would now be necessary to solve the system of simultaneous, partial 
differential equations (48) and (49). (Corresponding equations would 
have to be given for spark ignition; cf. Chap. II, page 49.) 


We shall derive one more relation, effective for the quasistatic case, i.e.j as long 
as no explosion occurs and the entire change of concentration remains small. ^ 
Therefore 

A) 

From this it follows 

a^T Q I E\ Q /Kn^ 

d^T QD d^n , 

or, with f = — n 

^ * KC 


and integrated 


r = -r + /3a; + T 


The trend of the temperature and concentration a,pp(;ar about the same as in Fig. 



(r hzw. r = r, or f) 


13, in case wc assume a; = d,T — 7’o, andx = 0, 
w = 0. The curvature of the graphs must be as 
in Fig. 13, d^TIdx- must be negative, and d^nldx^ 
must be positive. Basically, the latter need 
not hold for the whole range. We therefore 
assume that, at the right end of the graph, the 
substance u.sed up by the reaction is constantly 
being supplied through a semipermeablc wall, 
and that correspondingly the products of reac- 
tion are led off. 

It appears that a distribution of temperature 
according to the dotted line in Fig. 13 can no 
longer belong to a quasistatic condition, because 
no logical curve of concentration for it is possible. 


Fig. 13. — Variation of tempera- 
ture and reduced concentration f 
in a quasistationary condition; 
conditions as in Fig. 11, with the 


Naturally, this is true only for the approxima- 
tion we have been employing in all the material 
in this section. 


special expression of the text. Qualitatively, Fig. 13 shows some- 


thing more that is important. The introduction of a heated surface need 


1 Strictly, a static condition can be achieved only if in a; — d the reaction products 
are constantly conducted off through a semipermeablc wall, and at the same time the 
used-up fresh gas is replaced. 
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not necessarily lead to ignition, partly because, precisely in the hottest 
zone, the concentration of the initial material is reduced in strength and 
thus the velocity of reaction remains limited. 

In this connection, an observation of Davyds should be discussed, 
i,e,j firedamp cannot be ignited by flameless-burning charcoal. Let us 
imagine the left wall in Fig. 13 to consist of burning charcoal of the 
temperature T, The difference here from the former case is that this 
wall is a source not only of heat but also of carbonic acid (and perhaps of 
carbon monoxide) as well as a reservoir for oxygen. We should therefore 
have to set up diffusion equations for these materials as well as for the 
reacting methane. But, even without them, it can be seen that in the 
proximit}'^ of the “wall’’ the excess of carbon monoxide (high capacity 
for heat effect of dilution) and the lack of oxygen must influence the 
combustion unfavorably, as experience shows. 

For a quantitative treatment of this problem, it would probabl}^ 
be well to take into account diffusion (and probable conduction of heat) 
in only one layer bordering on the wall, as one usually does in dissolving 
processes, but otherwise to assume complete mixture. 

The most essential qualitative conclusion from the preceding is, 
generally speaking, substantiated by experience — that a heated surface 
introduced into a gas mixture, if it is intended to ignite it, must have 
a higher temperature than a container surrounding the gas would need to 
have, if auto-ignition is to result. Moreover, the smaller the heated 
surface of the hot body brought in contact with the gas, the higher the 
temperature must be. If (c/. page 45) the ignition temperatures deter- 
mined for methane-air mixtures under the usual conditions lie in the 
neighborhood of about 700°C, nickel rods of a few millimeters to a few 
centimeters in diameter must be heated to at least about 1000°C if they 
are to be brought into contact with a large mixture of methane and air 
and are to ignite it. 

In the ignition of gas mixtures by means of metal rods and wires, 
a number of surprising facts are revealed. It will therefore be necessary 
to consider these at this point. First of all, it has been noted^ — and this 
is not surprising — that the thinner the igniting strip of metal, the hotter 
it must be, as can be seen from Fig. 14 (taken from Coward and Guest). 

The comparison between the various metals is very striking, however. 
If we consider platinum, which is catalytically very active and greatly 
hastens the reaction on its surface, we do not find ignition at especially 
low temperatures; on the contrary, the metal must be heated consider- 
ably, and most of all with more active gas-air mixtures of medium com- 
position, to about 350® higher than corresponding nickel strips (c/. 
Fig. 15). 

^ Coward, H.F., and P.G. Guest, J. Am. Chem. Soc.^ 49 , 2479 (1927). 
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First of all it should be pointed out — and Coward and Guest have 
already noted this — that this finding does not contradict the well-known 
fact that an oxygen-hydrogen mixture H2-O can be ignited by platinum 



(Gas in Lnft, — gas in aii ) 

P' 10 . 14. — Ignition of natural gas and air mixtun\s by ni(*k(;*l rods (composition of the 
natural gas: 93.2 per cent CH 4 , 3.3 per cent CzHe, 1 .5 per cent Call k, 0.5 per (;ent C 4 H 10 etc. ; 
1.5 per cent Na). 


Curve 1 
2 

3 

4 

5 

Thickness of the strip 0.102 cm, length 4.25 inches. 


Breadth of the metal strip, inches 

II 


1 

{From Coward and Queat.^) 



/Gas in Luft = gas in air \ 

\engl. Spezialstahl = English special steel/ 

P^ia. 15. — Ignition of natural gas and air mixtures by various metallic surfaces. {From 

Coward and Quest, p. 26.) 

asbestos, platinum sponge, or very thin platinum wire. In this case, 
mass and heat capacity of the solicl are so small that it can be heated to 
red or white heat as a result of the catalytic transformation before ignition 
takes place. 

^ Coward, H.F., and P.G. Guest, J, Amer. Chem. Soc., vol. 49, p. 2479 (1927). 
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In metal strips, the heat capacity is very great, and they therefore 
not only do not heat very much, but by means of heat conduction they 
even hinder the gas in their proximity horn becoming noticeably hotter 
than the metal. Only by taking into account the great heat capacity 
of the metal does the unfavorable ignition effect of catalytically active 
metals become understandable. As we have seen above (Fig. 13), a 
drop in concentration and temperature will occur as long as the ignition 
point has not been reached. This drop is of such a nature that the fresh 
gas at the surface of the metal is more or less completely used up and 
the products of reaction are constantly diffused from this surface while 
new fresh gas is diffused toward it. Without heat conduction from the 
reacting (hotter) gas to the metal, the following explanation of the 
phenomenon by Mason and Wheeler^ — in itself correct — would hot be 
intelligible. “The mixture that immediatel}^ surrounds the heated 
surface can be used up so fast that it is not capable of propagating a 
flame, while the reaction takes place only at or near the heated surface, 
even if the temperature there rises far above the true ij 2 :mtion temperature 
of the gas.” 

If one imagines, for instance, that the volume of the piece of metal 
is replaced by one eciual to the explosive gas mixture, which is heated 
to the same temperature as the metal ordinarily is, then raising the 
ability for reaction at the boundary of this volume could only aid the igniti- 
bility. The same would be true of a transition from a catalytically 
less active to a highly active metal, as long as the heat absorption of the 
metal is ignored. Qualitatively, approximately the following would 
result in the proximity of a heated piece of ])latinum and a piece of 
nickel heated to the same tcunpiu-ature. \\'e plot the concentration of 
the fresh gas and the temperature as a function of the distance from the 
metal surface. In the case of nicked, let this distribution be given by 
Fig. 16. The concentrations of the component parts of the fresh gas 
drop toward the metal (those of the reaction products take an opposite 
course). The temperature drops on the outside at a greater distance 
from the metal surface. At a certain distance d from the surface, the 
temperature could also pass through a maximum. If the loss of heat 
by conduction is small under these conditions (a slight bend of the 
temperature curve at the maximum), the temperature can rise constantly 
under certain circumstances and ignition (;an result. Conversely, the 
velocity of reaction at the point of the maximum temperature is high (not 
too low a concentration of fresh gas at this point). 

In the case of platinum, one would have to imagine the corresponding 
curves perhaps in the following manner (Fig. 17). In the immediate 

^ Mason, W., and R.V. Wheelkb, J. Chem. Soc.^ 121, 2079 (1922); 126, 1869 
(1924). 
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proximity of the platinum surface, there is a very active reaction. Since 
the reaction is not confined strictly to the surface, there is, in the immedi- 
ate proximity, a rise in temperature in the gas with a relatively steep 
maximum (which, however, under certain circumstances is absolutely 
lower than nickel), with a sharp bend in the temperature curve and thus a 
great loss of heat at the maximum, especially toward the side of the 
greater drop in temperature, i.e,, toward the metal surface. The 
conduction of heat can therefore balance out the production of heat by 
chemical reaction (caused probably by the speed with which the fresh 
gas can be supplied by diffusion), and hence no ignition takes place. 
Coward and Guest have also shown that thorough turbulence of the 
gas causes ignition at a lower temperature of the metal, obviously 



Fio. 10. Fig. 17. 

Figs. 16 and 17. — Variation of temperature and concentration in the proximity of a 
motal that is catalytically slightly active (left) or highly active (right). 

because fresh gas is led to the metal more rapidly, and thus the chemical 
change is accelerated, although the loss of heat is of course greater too. 

For a quantitative treatment of these phenomena of ignition on hot 
surfaces, the differential ecjuations above should suffice. Here too, 
however, an adequate knowledge of all magnitudes of reaction velocity 
would be necessary for integration, and this integration would have to 
be carried out numerically. 

Coward and Guest have also determined experimentally how much 
gas is burned before ignition by contact with platinum and nickel. 
The products of combustion, measured by CO2 that had been formed, 
were about twenty times greater in platinum than in nickel under the 
same conditions. If, in spite of this fact, the gas does not reach ignition 
temperature in the case of platinum, the cause might be that the con- 
version takes place so much closer to the platinum surface that the 
temperature drop toward it and the loss of heat to it are so much greater 
that the gas temperature is nevertheless maintained lower. 

Such experiments make clear why it is possible to keep an Otto 
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engine going under extreme conditions in which the exhaust becomes 
red-hot. Only because the conditions for ignition are so unfavorable 
on a hot surface can such an engine work at all without premature 
ignition. 

Silver^ investigated the ignition of explosive mixtures by hot spheres 
‘‘shot in.’^ A platinum sphere of 4 mm diameter, which was heated to 
1 200°C, was unable to ignite a 10 per cent methane-air mixture. System- 
atic experiments with more readily ignitible illuminating gas and air 
mixtures were therefore made, and it was especially tested whether the 
temperature of the spheres used had not appreciably dropped on the way 
from the oven into the explosive mixture. It was observed that the 
ignition temperatures were rather high — for 10 per cent illuminating 
gas in air, between 855° and 1140° — and that the ignition temperatures 
were higher as the spheres became smaller. The two limiting values 
given correspond to sphere diameters of 
0.50 and 0.11 cm. The duration of 
heating of the gas mixture in the neigh- 
borhood of the sphere is indicated by the 
fact that the spheres were shot in with 
a velocity of about 4 m/sec. 

Under the experimental conditions 
that prevailed, the material of the 
spheres clearly has only a small effect, 
since experiments with cpiartz spheres 
gave almost the same ignition tempera- 
tures as those with platinum spheres 
(Fig. 18) . The rapidly propelled sphere 
exerts its effect on the gas it passes 
through apparently only by heat trans- 
fer, and the chemical reaction takes 
place to a noticeable extent only after 
the passing of the sphere. 

Because of the high ignition temperatures, no measurements for 
methane could be carried out. The only result obtained was that 
apparently an 8 per cent methane and air mixture was ignited at about 
1200°C by a platinum sphere of 6.5 mm diameter. 

On the other hand, measurements could be carried out on the more 
easily ignitible pentane. The following ignition temperatures resulted: 


Mixture of 3 Per Cent Pentane in Air with Platinum Spheres (From Silver) 


Sphere diameter, cm 

0.109 

0.197 

0.303 

0.398 

0.500 

0.550 

Ignition temp., ®C 

1370 

1240 

1155 

1065 

1040 

1005 


1 Silver, R.S., Phil Mag., (7), 23 , 633 (1937). 
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Fig. 18. — iKtiition of a 10 per cent 
illuminating gas and air mixture by 
introducing hot spheres; the dots repre- 
sent platinum spheres and the erosses 
represent ( 4 Uartz splieres. The lowest 
temperature necessary for ignition 
depends on the diameter of the sphere. 
{From Silver.) 





30 


EXPLOSION AND COMBUSTION PROCESSES IN GASES 


The same ignition temperatures were obtained by using quartz spheres 
and also with hydrogen, but not quite so well. 

It is striking that the ignition temperatures found for hydrogen and 
air mixtures are lower than for pentane; whereas, by most of the other 
methods, pentane yields much lower ignition temperatures. The fol- 
lowing were measured: 


Mixture of 20 Per Cent Water Vapor in Air with Platinum Spheres (From 

Silver) 


Sphere diameter, cm 

0.107 

0.240 

0.303 

0.500 

0 500 

Ignition temp., °C 

930 

880 

840 

810 

795 


Silver tries a much simplified theoretical treatment of the results. lie is of course 
aware of its limited applicability. It is essentially an adaption of Semenoff’s theory of 
heat. He proceeds from the ignition equation (which we have 
derived formerly) 



dT , /d^T 
dt ' '^-2 


( ^ ^T\ , ~b/T 

+ro7)+‘^^ 


in which the first terms on the right side give the cooling by 
conduction in the sphere for the symmetrical case, and the last 
gives heating by heat of reaction. Since a direct integration is 
not possiVile, Silver tries the following approximation, which 
follows Scinenofi\s ideas but is even less exact. He makes the 
following assumptions: The layer of gas in the immediate 
proximity (^f the surface is momentarily heated to the tem- 
perature Tu The loss of heat to the outside (outside tern- 
})orature 7\) per unit of surface is given equal to .l(Ti -- To) ; 
this gradient is a.ssumed to be constant within the thin heated 
layer at the surface (Fig. 19). The loss of heat of a layer 
adjacent to the Mirface of the sphere with a thickness of dr is found (a is the radius 
of the sphere) as 


Fifi. 19. Vaiia- 
tion of tho toinixMa- 
ture in the proximity 
of a lieatetl sphcie. 
(Ftom Silvii, p 29.) 


-^SwaAiTi — To) dr 


The heat production in this layer is 


~ 4x0* dr 


Equating both expressions should give the condition for ignition 
HwaA i'fx — To) dr = 4x0* dr 


24 

a = - To)e-+®/^i 

a 

Ti - 


Silver tests this condition by plotting log 


T 1 

— - against and finds 

1 1 


it verified quite well in the three cases studied by him (Fig. 20). The 
‘‘activation energies’’ (BR) lie close together for all three cases studied. 
He finds 
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Activation Energy” (From Silver) 


Pentane oxidation 20 , 620 cal 

Illuminating-gas oxidation 21,150 cal 

Hydrogen oxidation 22,560 cal 


Note that a rectilinear relation between log 1/a and 1 /Ti must be approxi- 
mately obtained for every ignition law in which any power of a and an 
exponential function of l/T occur. Landau^ also obtains such a relation 



Fig. 20. — Experimental test of tlic relation derive*! by Silver; see the text. 

p. 29.) 


(From Silver t 


(with a higher power for a; Chap. XT) and (Inds that it is substantiated 
by Silver’s findings, although serious obji^ctions to Landau’s treatment 
must be raised from the standpoint of explosions by chain-branching. 

In a more rational a])pli(;alion of the tlieory of heat to this process, 
one might expect, as in similar cases, the conduction of heat as the func- 
tion of a parameter a%i and therefore rather a- instead of a in Silver’s 
relation. The result would be that the heat 
of activation found by Silver would have to 
be doubled, and this would agref^ better Avith 
the observed orders of magnitude. 

It should be emphasized at this point (just 
as in the case of spark ignition; cf. Chap. II) 
that the necessary taking into account of 
diffusion phenomena must not necessarily destroy the form of the relations 
established, for the laws of diffusion are formally the same as those for 
heat conduction. 

If the hot sphere is at rest and the air is streaming past it (Fig. 21), 
the temperature of the heated gas immediately behind the sphere reaches 
its maximum. We may assume approximately that a stream of gas of 

^Landau, Chem. Rev., 21, 245 (1937). 



Fig. 21. 
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cylindrical form leaves the sphere, the diameter of which is about pro- 
portional to the diameter of the sphere (this would mean that the heated 
mass of gas is proportional to the square of the diameter of the sphere, to 
which also the heat-conducting surface of the sphere is proportional). 
Thus we have a uniform, radial symmetrical problem of heat conduction, 
and the conditions would be similar to those upon which we base the 
simplified theory of heat of spark ignition. To be sure, convection and 
turbulent flow are added as disturbing factors, but qualitatively little 
would be changed. 


SUPPLEMENT 

GENERAL DISCUSSION OF EXPERIMENTAL DATA 
ON IGNITION TEMPERATURES^ 

As has been shown above in a general way, the appc;arance of ignition in an explo- 
sive mixture depends not only on the temperature to which the mixture has been 
heated, but also on a series of other factors dependent on the one hand on the chemical 
pro(!esses that take place in the mixture, and on the other hand on constants in the 
apparatus and the physical prop(a*ties of the gax mixture {e.g., heat conductivity, 
specific heat). It is therefore clear that there can be no definitely determinable con- 
stant tiiinperature of ignition for a given substance, which could be so defined that 
above this critical tianpei ature the explosive mixture would ignite, but below it would 
react not at all, or only slowly. As can be seen from the available experimental 
material on temperatures of ignition, these tcanperatures, determined by various 
methods, show considerable variations even for the same mixtures; and, even when the 
same methods are (imploycd, th(' point of ignition must be dcipendent on the measure- 
ments and the material of the aiiparatus used. The criterion for the appearance of a 
heat explosion is, after all, this, that by means of chemical reaction more heat is 
always liVierated than can be conducted off. The speed with which the heating of the 
gases takes place above the initial temperature (the dilTercnco of heat release and 
heat loss) decreases initially to a minimal value as the resvdt of the shape of the curves 
for heat production and heat loss. If, after ri'aching this point, it again increases, the 
reaction goes over into explosion; and the time elapsing until this minimum is reached 
is called the “induction period.” During this induction period, which can naturally 
be very short, a definite portion of the mixture capable of reaction must be converted, 
for only by means of the reaction heat thus generated is explosion possible. With 
decreasing initial temperatuni, and with constant conditions prevailing otherwise, 
the time until the minimum of the velocity of heating has elapsed increases and can, 
under certain circumstances, be relatively long (order of magnitude 10 sec). From 
this it is evident that, conversc'Jy, disregarding other influences, higher ignition tem- 
peratures must be obtaiiunl when the induction period is decreased. If, for example, 
in order to determine the ignition temperature of a mixture, the mixture is allowed to 
flow over an ovim heated to a specific temperature, it will (depending on the velocity 
of the stream) remain at its maximum temperature for varying lengths of time; and 
ignition takes place if this time is longer than the induction period at this temperature. 
Otherwise ignition could take place only at a higher oven temperature, during a 
shorter induction period, at most equal to the period of contact. From the outset, 
therefore, it cannot be expected, for example, that one can arrive at the same values 
of ignition temperatures by this method as when one puts the mixture into a closed 

^ By L. V. Muffling. 
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container and leaves it to itself for an indeterminable length of time. The most 
important experimental methods by which ignition temperatures have been found 
are summarized here. 

1. The explosive mixture flows through a combustion tube of known maximum 
temperature. 

2. The mixture is introduced into a container of known temperature. 

3. The mixture is compressed adiabatically, and the temperature is computed 
from the relation between the initial and final volumes or pressure. 

4. The individual gases are heated separately in concentric tubes and mixed at a 
known temperature. 

4a. The gases are heated individually until just before; the maximum temperature, 
are mixed very quickly, and the mixture is then brought immediately to the maximum 
temperature. 

5. A drop of a liquid fuel, or a stream of combustible gas, is introduced into a 
space of known temperature containing air or oxygen. 

5a. A str(;am of (combustible gas and a stream of air or oxygen are individually 
heated to a known temperature and then impinged upon (‘ach other. 

6. The mixture is brought to ignition in a soap bubble by means of a platinum 
wire of known temperature. 

7. The mixture is ignited by the shooting in of bodies heated to a known 
tcunperature. 

8. The mixture is heated by inserting metal rods heated to a known temperature. 

Regarding method 1, it should be iiot('d that tlucre is no uniformly defined tem- 
perature of the mixture. The mixture will heat itself within a definite time from the 
(mtside t(crnpera,ture to the maximum temperature. Reaction sets in even before 
the maximum temj)eratur(c is reaidied, howev(‘r, and the mixture will have a diffccrent 
(composition wlucn reaxching the maximum temperature than at the beginning. On 
the othcer hand, one cannot find out how long the mixtiinc remains at the maximum 
temperature and whether the latter exactly coiiieithcs with the oven temperature 
measured. These last two cireii instances become ('specially dubious if high velofdties 
of flow are applied to avoid a consid('rable pre-ncaction. 

In the second method, th(cse difficulties conm'cted with flow velocities do not occur. 
Naturally the mixture must first heat itself from the outside t(aTiperature to the 
temperature of the container, and reacdioii takes place; but thcui the mixture is, for 
an arbitrary Icngtii of time, at a uniformly defined tcmp(;rature, and ignition is 
observed evem wdum the induction pi^riod is relativ(dy long. It can be assumed that, 
by means of this nu'thod, a minimum value for the ignition temperature of the gas 
in question (;an be obtained undw’ the conditions chosen (pressure, etc.). Of course, 
these values are also to be considered only relatively, for the apparatus (size, shape, 
and material of the reaction vessel) is always the determining factor when the heat 
of reaction is computed (disregarding for the moment the special wall influences in 
chain reactions) and is thus of considerable influence on the ignition temperature. 
For example, higher ignition temperatures are noted for narrow^ containers than for 
wide ones, no matter with which reaction one may be dealing. At any rate, if a 
comparison of the various values receivt'd by various authors is to be made possible, 
an exact list of the details of apparatus is necessary. 

The third of the methods giv(m above has the advantage that a mixture of known 
composition is heated evenly in a very short time to the final temperature (naturally 
one takes into account conduction adjacent to the cold walls) and a pre-reaction is 
practically excluded. Compared with the precr^ding method, the difference is that 
the container walls remain at practically the initial temperature before compression, 
and there is in comparison a very great conduction of heat, thus making the dinien- 
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sions of the container a considerable factor. The speed of heat production must 
therefore be greater from the very outset than in method 2, i.e., the observed ignition 
temperatures must be higher than those observed in method 2. To be sure, a direct 
comparison with the values of method 2 is not possible because the mixture in general 
has an essentially higher pressure. Thus, in the first place, the reaction is usually 
hastened; and, in the second place, the quantity of heat produced per unit of volume 
is correspondingly increased. By moans of these two effects, the influence of the 
greater conduction of heat can, according to the conditions of experiment, be com- 
pensated for to a certain extent, or overcompensated for. The method has the dis- 
advantage that one cannot measure the final temperature of compression but must 
compute it from the compression relations or from the compression pressure. But of 
course the nonadiabatic action of the gases during (compression makes correction 
necessary and difficult to determine, and thus the determination of the temperature 
can be only approximately (correct. 

In method 4, it should be not('d that pre-reaction at an unknown temperature is 
excluded. To be sure, ignition in this case is considerably dependent on the mixing 
process. Starting with the two pure substances to be mixed, all mixing conditions 
are present contemporaneously in the reaction space, and ignition will take place at 
the point of mixture cornposilion most favorable to it. To be sure, the values are 
found to be in good agreement, but reacdion-kinetic conclusions, for example, are 
hardly pcissible on account of the undefiiu'd mixture composition. 

Method 4« is a compromise between methods 1 and 4. If one wants to aehieve 
as complete a fusion as possibhc in order to get as unified a mixture as possible, pre- 
rea(ition at the mixing temperature and in coutinued lu'ating to tluc maximum tc'iii- 
peraturo cannot b() (cxcluchxl, especially since the ncaclion tak(cs place with great 
velocity in proximity to the ignition point. If one rais(‘s the velocity of flow in order 
to minimize tlie pre-reaction, then the mixing is advers(‘ly cff(a*ted, not to speak of 
the other effects discussed in flow ('xpcaiments under m(d»hod 1 above. 

For method 5, the same consichwations hold as for Jnc'thod 4. In the use of 
liquid fuels, vaporization must be considered, which also disturbs the constancy of 
temperature. 

All the methods disc.ussed hitherto had the common characteristic that in applying 
them the emtire mixture is h(ait('(l to the critical tc'iiiperature. In the following meth- 
ods, on the contrary, only a small part of the gas mass will 1)0 brought to the d(\sired 
temperature, or to ignition, as the case may Ix', while the rernainiug part remains 
cold. After ignition at the hot point, the read ion sprtnids in the form of a flaim^ 
through the mixture. For this form of ignition, not only is tlu^ teanperalure of the 
igniting body (let us say, as in method G, a platinum wiic) critical, but also the entire 
mass of energy conducted to it (e.f/., in method 7, experiments bj" Silver on tlio influ- 
ence of the size? of the heat(d body on the ignition temperature; rf. page 30). By 
the introduction of a hot body at one place in the gas mass, a strong convection stream 
forms, which leads the lieatcd portions of the mixture away from the hot place and 
leads cold portions to it. The individual gas portions will therefore take on only for 
a very short lime (if at all, precisely) the temperature of the heated body, and they 
must during this time go through the induction period, if ignition is to result. One 
can therefore assume that the ignition Uunperaturos thus established are considerably 
higher than those arrived at bj’^ the methods above described. These considerations 
are valid in a very general way for the last three of the methods mentioned. As a 
detail, it should be mentioned that, in using metals (e.gr., platinum, which can have 
a possible catalytic effect on the reaction), the ignition tempeiature, in contrast to 
non catalytic bodies, can be considerably changed [c/., for example, Coward and 
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Guest (16)']. In experiments according to method 7, in which a spherical body of 
metal or quartz is shot through the mixture, one must consider a particularly short 
induction period. The ignition temperatures determined according to this method 
are correspondingly high. How great the influence of the total energy is can be 
seen in the dependence of the temperature of ignition on the size of the spheres. 
In addition, it must be taken into account when applying this method that the tem- 
perature of the sphere when entering the gas mixture cannot be measured directly but 
can be arrived at only approximately. Also, in the case of ignition by means of a 
hot metal wire, temperature measurement is possible only with relatively wide limits 
of error. 

In order to show how far the ignition temperatures found by various methods 
and under changing conditions of ('X[)eriment can vary, we give the findings of various 
authors for hydrogen and air mixtures (Tai)le 1). 


Tvniao 1 


Method 

Author 

i 

(\)ni po- 
sition of 
mixture, 

Ignition 

tempera- 

ture, 

Other data 

1 

Ernie li (1) 

28.5 

609 


2 

Mallard and Le Cha- 
telier ( 2 ) 

28.5 

550 


2 

'I'affiiiicl !uul Lc riocli 
(3) 

1 28.5 

590 

Container with 350 cm® vol- 
ume 

2 

Tiiff.'uu'l iitul liO Floch 

(3) 

i 

(i25 

1 

Container with 9 cm® volume 

2 

Prettre (4) 

1 29.7 

4 ('.7 

( 'Ontainers of 24 and 100 cm® 
volume 

3 

Dixon and Crofts (5) 

28.5 

571 


3 

Tizard (6) 

__ 

410 


4 

Holm (7) 

— 

470 


4 

Dixon (17) 

— 

630 

0.5 sec induction period 

4 

Dixon (17) 

— 

572 

15 sec induction period 

4a 

Bloch (8) 

30 

608 

Dry mixture 

4a 

Bloch (8) 

30 

613 

Moist mixture 

5 

Moore (9) 


— 


5a 

Goldmann (10) 

— 

580-590 


6 

McDavid (11) 

29 

700 


6 

Withe and Price (12) 

27 

715-860 


7 

Silver (13) 

20 

930 

800 

Diameter of the sphere, 0.2 
cm 

Diameter of the sphere, 0.5 
cm 

8 

Coward and Whether 
(15) 





As can be seen, the maximum variation is over 500°, which justifies the assertion 
that the conditions of experiment are of decisive importance. 

' In this supplement, numbers in parentheses refer to the references on p. 46. 





36 


EXPLOSION AND COMBUSTION PROCESSES IN GASES 


On the variation of ignition temperature with the change of hydrogen concentra- 
tion, there are reliable results by Prettre (cf. Fig. 22, curve I), according to method 2, 
and Bloch (cf. Fig. 23), according to method 4o. As can be seen, even the form of 
these curves depends on the method of experiment. 



(EntziinduiiKStcmperatur = ignition ioinperatiirtO 
Fig. 22. — Ignition temiieriitures of 112. Curve I, H-j in air. Curve II, H> in O 2 + N 2 
mixture (02:N2 = 1:1). Curve III, II 2 in O 2 + Ar mixture (02.*Ar = 0.21:0.79). 
Curve IV, II 2 in O 2 CO 2 mixture (02:C02 = 0.21:0.79). (From Prettre.) 



/H2 im Gemisch = H’in mixture \ 

vZllndtemperatur = ignition temperature/ 

Fig. 23. — Ignition temperatures of 112. a, H 2 in air (dry), b, H 2 in air (moist, 2.3 
per cent H 2 O content), c, II 2 in O 2 + CO 2 mixture (02:C02 = 0.21:0.79). [From 
Bloch (8).] 


Dixon finds, according to method 4, marked periods of induction for the ignition 
of H 2 -air mixtures which change with the temperature (cf. Fig. 24). In this method, 
one can assume with certainty, however, that the delay in ignition is principally due 
not to the chemical reaction but to processes of mixing. Other authors in very careful 
experiments according to other methods, especially Prettre (4), have been unable to 
find significant induction periods precisely in the case of H 2 mixtures. 
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( Induklioiisdjinor = induption period \ 

KTitziinduriKsU*inj)eratui = igiiitiou lenipoTaturo 1 
Diupk — prchsuie / 

Fig. 24. — Ignition temperatures in Hz in dry air at various ])r(‘ssures. {From Coward (17).] 


If hydrogen instead of air is mixed with pun' ()•>, the teinp('rature of ignition 
changes relatively little, other experimental condilions remaining ('Qual. h or example, 
the following authors found 


Mallard and Le Cdiatelier (2) . . . . 

Method 2 

70% H 2 555" 

Falk (18) 

Method 3 

70%. IT 2 550" 

Dixon and Crofts (5) 

Method 3 

70%; II.> 533" 

C/assel (19) 

Method 3 

70%. II 2 522" 

{ 025^ 0.5 sec ignition delay 

]3ixon (17) 

Method 4 

1 575" 10 sec ignition delay 

Goldmann (10) 

Method 5a 

580-590" 


Detailed studies on the influence of the composition of the mixture on the ignition 
temperature have b(‘cn made by Dixon and (hofts (5) according to method 3 (adia- 
batic compression). Their results show that, with decreasing II 2 concentration, the 
ignition temperature sinks till finally the lower limit of (*xplosion under the conditions 
of the experiment has been passed. The experimental results of Dixon and Crofts 
can be seen from Fig. 25. Respecting the data of Falk, it should be pointed out that 
they must be too high because Falk allowed the piston in his compression cylinder 
to fall unhindered and the piston together with the weight used to accelerate it 
were thrown back. The ignition temperature was then taken from the compression 
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ratio at the lowest point of the piston. However, the experiments of Dixon, Brad- 
shaw, and Campbell (20) and later especially those of Tizard and Pye (21) have 
already demonstrated that, even in adiabatic compression, ignition at the critical 



temperature by no means takes place all at 
once. To be sure, the induction periods 
in the example under consideration are 
quite small (a few hundredths of a second), 
but they are nevertheless large enough so that, 
especially at a high piston velocity, the con- 
tinuing compression raises the temperature by 
several hundred degrees above the minimum 
temperature necessary for ignition without 
causing a flame (20) or rise in pressure (21). 

Dixon (17) also investigated, by method 4, 
the induction periods and the influence of pres- 
sure on tlie ignition temperature of H 2 -O 2 
mixtures. It has already been mentioned 
above that the induction periods found accord- 
ing to this method need not necessarily coin- 
cide with the chemi(;al processes. C'oncerning 
the dependence of t.hii ignition temperature on 
pressure, the experiments showed that the 
ignition temperatures decreased with decreas- 
ing pressure, until, below 75 mm Hg, no 
ignition took plaice. The experiments ex- 
tended from atmospheric pressure with an 
induction period of 0.5 sec (which Dixon 
selected as standard). 

The differences found here between the 
ignition temperatures of Hi in Oi and air are 


tAitumen^berschuB Vbiumen\oder\ negligibly small. Deductions on the course 


zugefi/fff of reaction based on these m(\asurements can- 


( Entzliiiclungwtenipenitur — ignition 
t(nui)CMaturo 
Ubersclmsz = excess 
stbchiomel riHclie Ziisaininensetzung = 
stoichionietric composition 
Zusutz - ndtiitiori 
Volurnen == vtilnine 
Oder =» or 
zmjefiigt = added 

Fig. 25 . — Ignition temperatures 
of II2-O2 mixtures ol various composi- 
tions and with N2 additions. (Volumes 
of the additions equal many times tlio 
O2 quantity present in the stoichio- 
metric mixture.) [From Dixon and 
Crofts ( 5 ).] 


not be made because the composition of the 
mixture is known jit no point. By other 
methods, somewhat greater differeiuu^s were 
found in the ignition temperatures of II 2 -O 2 
mixtures as well as in IL^-air mixtures.^ 

A series of studies have been made regard- 
ing the influence upon Ignition temperatures 
of H 2 -O 2 niixtur(\s diluted with inert gases like 
N 2 , ( ’Oj, and Ar. Tlie addition of N >, depend- 
ing on the iiHdliod of experiment, cither leaves 
the values pretty much unchanged or increases 
them slightly. Dixon (17), for example. 


according to method 4, finds no marked change in the ignition temperature when 


changing from II 2 -O 2 to ID-air mixtures. 


^ For further data on the ignition temperatures of II 2 O 2 mixtures, see Mitscherlich 
(22), Freyer and Meyer (23), Gautier and Helier (24), Holier (25), all according to 
method 1; Meyer, Krause, and Askenasy (2C), Emich (1), Meyer and Mlinch (27) 
according to method 2, Fiesel (28) (method, 4), Wartenberg and Kannenberg (29) 
(method 5a). 
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Table 2. — Ignition Tempekature of H2, 0.5 Sec Induction Period 
[From Dixon (17)] 


p, mm Hg 

Ignition tempera- 
ture H 2 in O 2 , 

0 1 

Ignition tempera- 
ture 11 2 in air (for 
comparison), ° 

75 

500 

502 

100 

512 

515 

150 

533 

536 

200 

550 

553 

250 

563 

— 

400 

591 

594 

550 

611 

— 

760 

625 

630 

1000 

627 

— 

2260 

618 

— 


Dixon and Crofts (5), according to method 3, find a constant rise of the ignition 
temperature with the increasing N 2 . Tliis can be conveniently stated in the following 
law: A mixture of 2 H 2 -f O 2 + xNo ignites at 526 + (see Kig. 25). On the 



Fio. 26. — Ignition temperatures of CO in air. [From Prcttre (4).] 

other hand, experiments of Prcttre according to method 2 show no such influence. 
In these experiments, a mixture 

2 H 2 4-02 + 4 N 2 (II 2 in air stoichiometrically, 28.6 per cent II 2 ) ignites at 467° 
a mixture 

2 H 2 + O 2 -f- N 2 (H 2 in O 2 + N 2 1:1 stoichiometrically 50 per cent H 2 ) ignites at 

466° (r/. Fig. 22, curves I and II) 

Also, according to Goldmann (10) (method 5o), dilution with N 2 does not change 
the ignition temperature of the H2-02 mixture. The experiments of Mallard and Le 
Chatelier likewise resulted in the same ignition temperatures for stoichiometric H 2 -O 2 
aJid Ha-air mixtures. 
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If, instead of H 2 , argon is added [Prettre (4)], the ignition temperature is again 
influenced negligibly, e.g.j a mixture composed of H 2 -h O 2 + 4Ar ignited at 473°C 
(c/. Fig. 22, curve III). If, on the other hand, CO 2 is substituted for atmospheric 
nitrogen, the ignition temperature is noticeably raised. According to Prettre, a 
mixture of 2 H 2 -f O 2 + 4 CO 2 ignites at 510° {cf. Fig. 22, curve IV). Apparently, 
however, the CO 2 does not act like an inert gas but rather takes part in the reaction 
in some way. Prettre reports that carbon formed on the walls of the container. 
Probably CO 2 in the flame is reduced by H atoms. In addition, the flame has a 
different color and a different appearance. 

Other authors also describe a raising of the ignition temperature of H 2 -O 2 mixtures 
when CO 2 is added. For example, Goldmarm (10) finds under these conditions 
ignition temperatures of from 590° to 660°C^, Bloch (8) for the theoretical mixture 
2 H 2 + O 2 + 4 CO 2 finds 625°. 

Carbon Monoxide. Ignition Temperatures of CO and Air Mixtures. — Older 
measurements by Mallard and Le Chatelier (2) yielded 650°C for mixtures with 30 
per cent CO. Taffanel and Le Flo(;h (3) found, according to method 2, for mixtures 
with 20 to 65 per cent CO cont(mt independent of the composition, 610°C in a con- 
tainer of 350 cm® volume, and 700°C in a container of 9 cm® volume. According to 
the same method, there are detailcHl studies of recent date by Prettre (4). The 
absolutely dry mixture ignites at t(*mperatures of from 654° to 730° according to 
the composition (see Fig. 20). In (-0 mixtures, Prettre also finds considerable 
induction periods, the length of which d(u*reases with rising temperature; cf., for 
example. Table 3. 

Table 3 

CO-air Mixture 32.4 per cent CO 


PC 

Induction period, sec 

PC 

Induction period, sec 

655 

00 

667 

1 

658 

4 

675 

0.5 

660 

2 

680 

Very small 


Bloch (8) finds according to method 4a, for the mixture with 30 per cent CO, 
720°C (cf. Fig. 27, curve a). McDavid (11), according to method 6, finds 931°. 

If pure CO is mixed with O- instead of with air, no essentially different ignition 
temperatures are observed. The following experimental data are available: 


Mallard and Le Chatelier (Method 2), 15% CO 630°-650° 

30% CO G50°-680° 

70% CO 645°-650° 

Dixon and Coward (31) (Method 4) 637°-658° 

Goldmarm (10) (Method 5a) 640° 

Bloch (8) (Method 4a), 70% CO 589° (Fig. 27) 


In the case of the last value, the great deviation from the ignition temperature of the 
theoretical CO-air mixture is due to the fact that the related CO showed a varying 
degree of purity. The ignition temperatures of CO mixtures depend a great deal on 
the purity of the gas. Small additions of H 2 , water vapor, or similar hydrogen com- 
pounds lower the ignition temperature considerably, in contrast to pure mixtures. 
Dixon (30) had already observed that extremely dry CO-O 2 mixtures are considerably 
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more difficult to ignite than those with a small amount of moisture. The reasons 
for this are to be sought in the mechanism of the CO oxidation (see Chap. XI). 
Detailed experiments on the lowering of the ignition temperature of CO-air mixtures 
with an increasing PI 2 O content were conducted, for example, by Prettre, Dixon, and 



/Zun(ltt‘rnpor<itur — ignition tonipcnaf un* \ 

\im Cicinisch — in the mixtuie / 

Fia. 27- — Ignition teiiipcM’atuies ol vmious (’() nuxtuios. a, CO in air (dry); (CO 
pure), h, CO in uir (dr.\); (CO fioni .steel flask, 1.5 pti eent II2 content), r, CO in O 2 . 
d, CO in O2 H- CO2 mixtiiu* ( 0 i :('02 = 0.21:0.79). c, ('O in O2 + CO2 mixture (02:C02 
= 1.1). /, CO in .‘lir (wet) (('() puie). [From Bloch (S).] 


I^loch. The results olitained by Protire (1), according to method 2, are given by 
Table 4. 


T\ble 4 


% H 2 O in mixture 



0 

1.50 

2.25 

3.20 

4.15 

5.60 

Mixture with 23.55% CO 

656 

618 


630 i 

632 

633 

Mixture with 61.90% CO 

672 

652 

(>40 

641 

641 

642 


For results of Dixon, see Fig. 28 (method 4). For tht' results of Bloch, see Fig. 
27 (method 4a; moisture = 23 per cent II 2 O in the mixture). 

A small addition of II2 h:is a still greater influence on Uie ignition temperature 
of CO-air mixtures than a corresponding addition of II 2 O. Prettre reports than an 
addition of 0.5 to 0.7 per cent II 2 in a CO-air mixture suffices to lower the ignition 
temperature by more than 50 per cent. Dixon (sec Fig. 20) obtains similar results. 
In a content of 25 per cent TI 2 (relative to CO), the curve is almost identical with that 
for the ignition of ID-air mixtures. 

For Bloch’s results on the influence of a small ID addition (CO “out of a steel 
bottle” is adulterated with 1.5 per cent H 2 ), see Fig. 27. 
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Of interest is the discovery by Dixon that an addition of water vapor to CO-air 
mixtures that already contain a small amount of IT 2 raises the ignition temperature 
again, in other words, the influences are not cumulative (see Fig. 30). The influence 



/Ent7iUn(lungsloinpoialur = ignition tenipptutuu'X 
I Indvilvlioivsdauei = induction jxMiod I 

\in Luft = in air / 

Fig. 28. — Ignition temponitures of ('() in air -vviUi inerea'^ing H20 content. (Solid lino 
represents 760 nun total pressure; dashed line represents 400 nun total pressure.) [From 
Coward (17).] 



Fig. 20. Ignition temperatures of ('() with varying H 2 content in air. I, CO with 
1 per cent IT in air (dr> ). 2, CO with 2 per cent II> in air (dry). 3, C’O with 5 per cent 
H 2 in air (dry). 4, CO with 2.5 per cent rT.> in air (dry). Dotted line, CO + 6.3 per cent 
H 2 O in nir (diy). Dashed line, H; in air (dry). [From Coward (17).] 


of larger amounts of hydrogen was investigated Prettre (4), using method 2 
(COrIT * 1:1 in various mixtures with air; cf. Fig. 31), and Bloch (8), according 
to method 4a {cf. Fig. 32). 
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Dilution of CO-Oa mixtures with other inert gases instead of nitrogen leads to a 
partial raising of the ignition temperature. For example, Bloch (8) (Fig. 27) finds 
that a COa addition raises the ignition temperature more than a corresponding addi- 



/KntzUiidungHtomperatur = ignition 
\Druck “ pressure 


temperature^ 


Fig. 30. — Ignition temperatures of CO with and without Ha in moist and dry air. 
1, CO in air with 5.3 per cent II aO. 2, CO with 2 per cent H-; in air with 6.3 per cent 
HaO. 3, CO with 2 per cent II 2 in air (dry). [Froin Coward (17).] 



Fic 3 . 31. — Ignition temperatures of CO + H 2 mixture (C’OiHa =1:1) in air. [From 

Prettre (4).] 


tion of N 2 . The same point is made by Mallard and Lo Chatelier (2). A mixture 
of the composition 35 per cent CO + 15 per cent O 2 + 50 per cent CO 2 did not ignite 
until 695° to 715°C. 
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1 100,00%^% i- 0100%^ 


6 60i60 


7 50,75 


Brenngas im Gem i sen 


( Zundtomprratur = ignition temperature \ 

Biciingas im Geimsch = fuel gas in the mixture/ 

Fig. 32. — Ignition toniporatures of various CO + 11 j mixtures in air, dry. [From Block (8) . 


Having shown in detail what infliiencos the ignition toniporatures are siibjort to 
for H 2 and CO, we present in Tables 5 to 8 a compilation of “ignition temperatures'* 
of several important substances nuxed with air at atmospheric pressure (unless 
otherwise indicated, according to Landolt-Bbrnstein). 
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Table 5 




% in 

Experi- 

Igni- 

tion 

temper- 


% in 

Experi- 

Igni- 

tion 

temper- 

Compound 

mixture 
with air 

mental 

method 

Compound 

mixture 
with air 

mental 

method 




. 

at ure, ® 


ature, 


Paraffin 

llydrocai 

bans 


Benzol 

6 

2 

720 

Methane 


2 

2 

850 

Cyclohexane 

1.5 

4a 

642 

Methane 


4 

2 

810 

Cyclohexane 

G 

4a 

545 

Methane 


8 

2 

800 

Toluol 

2 

4a 

660 

Ethane 


1.9 

2 

594 





Ethane 


8.15 

2 

540 

Other Compounds 


Propane 


1.25 

2 

588 

Diethyl ether 


2 

218 

Propane 


4 . 90 

2 

525 

Diethyl ether 

5 

2 

205 

Butane 


1 . 25 

2 

569 

Diethyl ether 

8 

2 

202 

Butane 


3 . 65 

2 

515 

Diethyl eUier 

17 

2 

204 

Butane 


7.65 

2 

480 

Diethyl ether 

6 . t « 

3 

227 

Pentane 


1.5 

2 

548 

Acetone 

3.5 

2 

579 

Pentane 


2.75 

2 

520 

Acetone 

9.9 

2 

561 

Pentane 


7 . 65 

2 

476 

Ethanol 

3 

2 

525 

Hexane 


2 

4a 

625 

Ethanol 

5 

2 

500 

Hexane 


4 

4a 

592 

Ethanol 

7 

2 

482 

Hexane 


7 

4a 

630 

Carbon disulphide 

0.5 

2 

81 

Hexane 


6.7 

3 

300 306 

( *arbon disul j )hide 

3 

2 

120 

Heptane 


4 

4 a 

580 

Carbon disulidiidc 

4.5 

2 

148 

Heptane 



3 

280 

Carbon disulphide 

8 

2 

198 

Heptane 


6.7 

3 

285 

Carbon disuli)hide 

15 

2 

269 

Octane 


0.7 

3 

275 

Carbon disulphide 

25 

2 

316 


U nsaturaied Sohitions 


Carbon disulpliido 

30 

2 

323 

Ethylene 

Ethylene 

Ethylene 

Acetyliute 

Acetylene 

Acetylene 

Acetylene with O 2 
Acetylene with O 2 

6 

10 

25 

10 

20 

45-55 

30 

80 

4a 

4o 

4a 

2 

2 

1 

i 600 
575 
510 
500 

400 

335 

386 

352 

Carbon disulphide 
Hydrogen sulidiitle 
Hydrogen sulphide 
Hydrogen sulphide 
Hydrogen sulphide 
Hydrogen sulphide. 
Hydrogem sulphide 
Hydrogen sulphide 
Hydrog<;n sidphide 

12.5 

3 

8 

12 

19.9 

27 

40 

60 

3 

2 

2 

2 

2 

2 

2 

2 

2 

253 

373 

335 

304 

290 

315 

341 

400 

487 


Cyclical Cornpoiinds 


Light gasoline 

2 

2 

565 

Benzol 


2 

2 

770 

Light gasoline 

4 

2 

545 

Benzol 


4 

2 

725 

jLiglit gasoline 

li 

6 

2 

535 


'Table 6. — Lowest Measured Ionitiox Tempekatttres of Sevekat. Important 
(Jases in Mrx'iURE with Aih at Atmospheric: Pressure 


Ilydrop^on .... . ! 

1 I! Kihvleno 1 

540° 

('arbon monoxide 

610” 

Propylene 

455° 

Motlianc 

1)45” 

Butene 

445° 

Ethane 

530” 

Acet viene 

335” 

Propane 

510” 

Tlydrogeii sulphide 


Butane 

400” 

Illuminating gas 

1 560° 


Table 7. — The Influence of Antiknock Compounds on the Ignition 
Temperature of Hydrocarbons 


n-Hcxane, Method 2 without addition 338° 

w-Hexane, Method 2 with 0.1% Fe(CO)ii 410° 

w^Hexane, Method 2 with 1% Fe(CO)6 456° 

n^Hexane, Method 2 with 1% Pb(C 2 H 6)4 487° 
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Table 8. — Raising the Ignition Temperature of Various Hydrocarbons by 
THE Addition of 0.25 Volume Per Cent Pb(C2HD)4 (According to Method 2) 

I Without addition With addition 

515 590 

525 571 

430 513 
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CHAPTER II 

SPARK IGNITION I: THERMAL THEORY OF SPARK IGNITION 

1. Basic Facts and Statement of the Problem. — If a spark is sent 
through an explosive gas mixture, it can cause general ignition. In this 
case, the transformation continues in a flame proceeding from the spark. 
Whether ignition occurs or not depends in a given gas mixture on the 
intensity of the spark and, in addition, on details of the spark dis- 
charge, the time factor in the current and voltage of the spark dis- 
charge, the distance between the electrodes, and other influences. In 
general, in spark ignition, as well as in most spontaneous explosions, we 
are not dealing with a pure thermal process; for almost always chain reac- 
tions and chain-branchings play a role. Under certain circumstances, 
even electrical processes enter in. ^ It is convenient first of all to select from 
the many possibilities those phenomena Avhich can be explained by purely 
thermal processes even in borderline cases. Furthermore, we must take 
into account the fact that diffusion processes play a role when chain 
reactions are introduced and that they follow the same formal laws as 
the heat-conduction phenomena treated here. The formal relations 
deduced on the basis of a pure theory of heat will therefore not necessarily 
lose their vahdity in the more general case. Since, in addition, the 
thermal effect probably plays a role in each spark, the treatment of this 
borderline case is at any rate logical. 

In this chapter, then, we shall be interested only in how much thermal 
energy has been produced by the spark, and we sliall consider important 
the way in which this production of energy is divided in space and time. 
Thus, we have the following problem: In a volume element of given size, 
a definite quantity of heat has been produced during a given time. We 
ask : 

1. When does a rapid combustion develop in this volume element? 

2. How does combustion spread from this element; or, rather, when 
does it spread, if at all, leading to general ignition? 

Obviously, if the entire gas is to be ignited, the spark volume must 
necessarily explode; but it docs not at all follow that this condition is 
sufficient. One could at any rate imagine that a very small volume would 

1 Em^leus, K.G., R.W. Lunt, and C.A. Meek, Proc. Roy. Soc. London^ A, 166, 
394 (1936). Em^ileus, K.G., and R.W. Lunt, Trans. Faraday Soc.^ 32, 1504 (1936). 
Lunt, R.W., Trans. Faraday Soc.y 32, 1691 (1932). Lunt, R.W., C.A. Meek, and 
E.C.W. Smith, Proc. Roy. Soc. London, A, 168, 729 (1937). Lunt, R.W., and C.A. 
Meek, Proc. Roy. Soc. London, A, 167, 146 (1926). 
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explode but that the heat from it would dissipate by conduction more 
rapidly than the neighboring layers could follow the explosion. Indeed, 
there is a series of experiments proving this (c/., for example, the experi- 
ments by Coward and Meiter as well as by Holm, discussed on pages 
57^.). 

No completely satisfactory theoretical treatment of spark ignition 
exists in the literature up to the present. If the condition is arbitrarily 
imposed that a definite minimum volume be heated to an ^‘ignition 
temperature^’ by the spark, it can be easily indicated what amounts of 
energy ought to be added by poiritlike sources, assumed spatially momen- 
tarily, or sources lasting over a (pertain period of time. Qualitatively 
very reasonable results are obtained (c/., for example. Coward and Meiter, 
page 98). 

In connection with our remarks on thermal explosion and ignition 
by heated surfaces, wo cotTld proceed first of all according to the following 
computation. 

The spark volume in whicth a thermal explosion takes place is con- 
sidered by itself, and the heat of reaction (^an be condiuded off by the 
assumed surrounding cold gas. Since the heat conduction, other condi- 
tions Ixang (Mjual, is directly proportional to the tem|)cu*ature drop and 
since this is approximately inversely proportional to the radius of the 
container, the hx^at conduction in a spark volume of {d)Out. O.Ol cm radius 
will be about a thousandfold greater than in a n^action vess(d of lO cm 
radius. Hence the production of heat for ignition, i.e., the velocity of 
reaction, would prol)ably have to be increased by about a thousand. 
Let us assume that the normal ^Tgnition temperature” amounts to 
600°C and the ‘Tieat of activation” of the reaction is about 35 kcal; for 
an increase of the reaction velocity by a thousand, a temperature rise of 
about 450° (to about 1320° abs) would be necessary. The smaller the 
“spark volume” the higher the necessaiy temperatiue. That is identical 
with what we have seen in the ignition by injected hot spheres (c/. 
pages e3()ir.). 

To be sure, this is only a very rough approximation which is inade- 
quate for other reasons than that it does not take into account reactions 
with chain-branching. To be sure, it indicates that much higher energies 
per unit of volume are necessary for ignition in the spark than in large 
spaces, but it leaves entirely untouched the problem of how and whether 
explosion spreads from the small volume. One can treat this problem 
exactly only if one has the theory of flame propagation at one’s command. 
We shall come back to this later. To a certain extent, the necessary 
considerations are, to be sure, already implicit in the statements above. 
If the spark volume explodes with simultaneous heat conduction, it 
means that the area surrounding the spark is progressively heated by 
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conduction. From this fact, however, the follovdng is clear. For the 
spread of conduction, not only the primary origin of the explosion in the 
center of the spark plays a role, but also the heat production by the pro- 
gressively explosive combustion, the velocity of which must decrease 
again with increasing conversion. The quantitative treatment of the 
processes is further complicated by the following phenomenon. Let us 
assume the rather short time of about 10~'^ sec from the appearance of 
the spark until the complete development of the explosive combustion in it 
(the ‘‘spark diameter” is about 2 * 10“^ cm). During this short interval, 
gas molecules from the territory surrounding the spark have been dis- 
placed, the average square of which is given by 

Ax^ = 2Dt (1) 

where t is the time and D the diffusion coefficient, let us say of the order 
of magnitude of 1 cm“/'.sc!c. For \/Aa'^, we obtain wdth i = 10“^ sec 
about 10"2 cm. That means that, during the time of 10“^ sec assumed 
necessary for the development of the explosion, considerable cjuantities 
of fresh gas have been diffused into the spark (and corresponding masses 
of burning and burned gases have been diffused out of the spark). An 
exact treatment of .spark ignition would accordingly be impossible 
wdthout considering diffusion. One would therefore have to have (1) a 
differential equation for the temperature change by conduction and reac- 
tion and (2) a differential equation for the concentration change by dif- 
fusion and reaction, and (3) in both it would be necessary to consider 
the equation for the ch(imi(?al transformation at every place that had 
been influenced by the changes in temperature and concentration follow- 
ing out of (1) and (2). The problem is so complicated that an exact 
treatment is excluded from the start. We shall therefore always dis- 
regard diffusion, and any effects caused by it will be added merely as 
supplementary corrections. 

2. Expressions for a Simplified Quantitative Treatment. — Disregard- 
ing the factors indicated above, we should proceed as follows in giving 
the diflerential ecpiations for spark ignition. The temperature change 
with time in the proximity of the spark is given in the first place by heat 
conduction, and further by the heat produced as a result of conversion. 
The usual equation for heat conduction is^ 

ca = div (fc deg T) (2) 

in which c is the specific heat (per unit of mass, not per mol), a the density, 
T the temperature, t the time, and k the heat conductivity. For a con- 

* C/. textbooks on theoretical physics or Frank-Mises, “Differential- und Integral- 
gleichungen der Physik/’ Brunswick, 1930/35 (c/. also below p. 117). 
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stant fc, which we wish to assume in the following (but which is only a 
poor approximation to reality on account of the great differences in 
temperature), this is simplified to 


ca 


dT 

di 


kAT = k 


( 


d^T 

dx^ 


d^r 


+ 




t) 


% 


if we use a rectangular system of coordinates. 

In case —dnidt — f{n) exp ( — E/RT) is the velocity of reaction, Q 
the heat quantity related to the corresponding transformation, then the 
analogous heating equation already given in the previous chapter (p. 11) 
holds 

=Qf(n)exp(-;^^y) (4) 


In this, c is the mean heat capacity which is related to the same unit 
of mass as the heat of reaction Q. The same thing holds for the constancy 
of c as held for that of k. As in the previous chapter, we introduce the 
quotient Q/c = Tm — Tq = Q^y the maximum rise in temperature which 
is possible by transformation, and write instead of (4) 


f - ()./(«) exp (- jfj,) (6) 

f(n), the factor of concentration of the velocity of reaction must, inde- 
pendent of more exact assumptions about the latter, have the effect 
of causing the velocity to eciual zero in complete conversion (^.e., con- 
version leading to equilibrium). As the simplest corresponding expres- 
sion one can choose 

/(n) ^ A(Tyn - T) = A[e„. - {T - T,)] (6) 

for, in complete conversion, T = and therefore /(n) = 0. If we 
define A so that the correct velocity of reaction results for ^ = 0, then we 
have at least a convenient expression that gives correctly the velocity 
of heating at both limits. It must be remembered, to be sure, that (5) 
and (6) are valid only as long as no addition or loss of heat occurs by 
conduction, since in that case the maximum temperature is not given any 
longer by Ty^ — To = Q/c. If, on the other hand, diffusion is taken into 
account, it would constantly supply hew fresh gas to the zone of the 
spark, in other words decreasing the change of concentration with time. 
We shall write for (5) 

- (7) 

in which we shall reserve the right to substitute for /z a suitable avera<re 
value according to the foregoing. 
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If we write the heat-conduction equation (3)* 


at 


kAT 


( 8 ) 


with K, the thermometric conductivity (diffusivity) given by 


the resulting heating equation becomes 

S' = + 

We must now choose the proper distribution of initial temperature in the 
spark and then investigate how this tempeniture clianges according to 
(10). An ignition will propagate itself only if the temperature con- 
stantly rises in the spark and its proximity. 

In order to get a comprehensive view of the conditions, let us con- 
sider the one-dimensional case, with heat conduction only in the direction 
of the :r-axis, where we must imagine the spark as perhaps a flat disk 
at the zero point in the system of coordinates perpendicular to the x-axis 
and likewise to a nonconducting tube extending in the x-direction. 
Equation (10) then becomes 


dt 





( 11 ) 


/c, the thermometric conductivity, for air at 5(KEC (which we shall con- 
sider the average temp(‘rature) is about 1 em’V^t'^'* Eor the reaction 
velocity, we assume 3 • 10^ exp (—40,000/7/7'). (This corresponds 
approximately to the reaction velocity of iodine with hydrogen at atmos- 
pheric pressure.) As the maximum temperature reached, we assume 
about 3000®. Let the initial temperature be 0®C. Then we get 


And so 


M ^ 3000 • 3 • 10‘*» ^ 10^3 


^ _ d^r 

dt dx^ 




( 12 ) 

(13) 


Since the spark needs a certain time to build up, during which a 
definite conversion can already have taken place, it is practical to choose 
a distribution of temperature not for t = 0, but for a point of time cor- 
responding to the building up of the discharge. For this, we shall assume 

^ dkT here means the Laplacian differential equation (3). 
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for the moment to = 10“^ sec.^ For a distribution of temperature, we 
choose one that is the solution of the heat-conduction equation without 
heating by reaction, in other words, the equation^ 

at “ dx^ ^ ~dx^ 

And we choose a solution to which an initial distribution for i = 0 corre- 
sponds, as in Fig. 33. For ^ == 0 and |x| > a, let 0 = (T — To) — 0; 
for — a g X g + a, let 0 = (r — To) = Ti, One solution of (13) sat- 
isfying this initial condition is^ 

in which a, the square root of the thermometric 
conductivity, a = \//c, in our case = 1. 
Therefore 


-a *a X 

Fig. 33. — Temperature 
distribution fort = 0; com- 
pare the text. 

which is tabulated, for example, in Jahnke-Emde.'‘ With T\ = 1000°C, 
and a = as the case may b(^, 1, 2, 3, 4 • 10“'^ cm, we get, for example, the 
curves of Fig. 34, in which the cur\^es I, 11, III, IV refer to a — 10“^, 
2 • 10“^, 3 • 10~^, and 4 • 10"“ cm. The maximum temperatures 0 for 
X = 0 are, in their order 520.5°, 842.7°, 966.1°, and 995.3°C for t — 10“^ 
sec. After a further lO"^ sec (in other words, for ^ = 1, 1 • 10“^ sec), 
these temperatures have dropped to 499.2°, 922.5°, 956.9°, and 992.9°, 
as long as only heat conduction is considered. Thus there would result 
for 

dt / cond ~\M/ cond 

at the zero point of the system of coordinates (z.e., in the center of the 
spark) the following: 

Temperature change by conduction (AT) cond during 10~^ sec as well as 


^({) represents the integral of error 

m r dr, (16) 

Vtt Jo 



1 Since we have the choice of the zero point for the computation of time, we are 
not being arbitrary. 

2 Again with the special value k = 1 cm*/aec. 

^ Cf., e.g., Frank-Mises, cited on p. 49. 

^ Jahnke-Emde, “Tables of Functions.” 
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( ^ ) with a: = 0 for the example of the text in the 

\ At /cond \ Ol /cond 


cases: 



1 

I 

11 

III 

IV 


—21.3 

-20.2 
- 2.02 

-9.2 

-0.92 

-2.4 

-0.24 • 10« 



{dT /dl)(.ondj (i('g/sec 

- 2.13 



We continue with the increases in temperature computed according to 
the expression for reaction velocity and resulting from the heat of reaction. 



Fig. 34. — Temporaturo distribution for / = 10 * soc at various initial distributions; compare 

the t(‘xt. 

Temperature increases by chemical reaction (AT'/AOroa.t — {OT/dt) react 
in the above cases result as follows: 



I 

II 

III 

IV 

e, °c. 

r>20 . 5 

842.7 
-fl.4 • 10-' 

966.1 

+0.85 • 10« 

1 

995.3 

+ 1.25- 10« 

(d^r/dOrettci, deg/scc 

+ 10= 


From this it can be seen that only in Case IV does heating by chemical 
reaction exceed cooling by (conduction when x = 0. In Cases I to III 
(spark radius ^ 3 • i()~“ cm), ignition certainly does not take place. In 
order to decide the ciuestion as to whether ignit ion takes place in Case IV, 
a more exact investigation is necessary. We therefore give the tempera- 
ture values of IV for t = and 1.1 • 10 “^ sec for various distances from 
the center of the spark. 
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Temperatures in Case IV 


X, cm 

1 

0 

10"* ' 

T 

o 

3 • 10"* 

4 • 10"» 

e, ‘’C: 

For t « sec 

. 995.3 

982.8 

921.4 

760.3 

500.0 

For t — 1.1 • 10”^ sec 

993.1 

978.1 

911.4 

749.6 

500.0 

(A0)cond) C 

~2.2 

-4.7 

-10.0 

-10.7 

0 

(A0)reaol, 

12.5 ! 

10.7 

4 

1 

0.3 

Minus 


Let us first of all be clear about the following: If, for jr = 0, heat produc- 
tion and heat conduction are balanced in the first moment, then this 
fact is not by any means sufficient for obtaining a static condition (in 
contrast to the conditions for thermal explosion; Chap. I, page 7). 
If (Fig. 35) the initial distribution is given by curve I (for t = 10“^ sec), 
curve II would be reached after the short time At without reaction. If, 
when X = Oj licat production is just large enough to compensate for 
conduction, it will not necessarily be true for a: ^ 0. Under the influ- 
ence of reaction, the dotted curve in Fig. 35 
could result, ?).c., when x = 0, the temperature 
has remained constant for the time being, the 
bend in the curve for temperature distribution 
and so also d^TIdx^ and heat conduction have 
however increased ; in the following time clement 
the temperature would tliercfore drop. Condi- 
tions prevailing in Fig. 36 would definitely lead 
to ignition. Curves 1 and 2 are intended to 
show the same as in Fig. 35. L(^t the heating be 
increased, however, until at the point x = Xo 
the heat of reaction surpasscis conduction; the 
dotted curve would then result. As is indicated by the shaded portion, the 
temperature for all values of x has risen and would continue to do so 
(always disregarding the decreasing concentration as a result of the 
reaction). 

Probably the conditions, as expressed in Fig. 36, are more than suffi- 
cient; for a case such as Fig. 37 could be imagined in which, to be sure, 
in a certain field of x < Xo the temperature at first falls but in which the 
integrated heat production from x = 0 to x = Xo exceeds the heat con- 
ducted from the same field, and in which, by means of the heat production 
increasing in the region of x = 0, so much heat is furnished to the field 
with initially excessive conduction that the temperature finally rises in 
all directions (curves 3 and 4). Case IV, graphed in Fig. 34 and explained 
in the other tables, now stands just between the examples indicated 
by Figs. 36 and 37. It is therefore to be assumed that it comes quite 
close to the oritical ignition limit. For more exact results, it would be 
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necessary to follow the temperature development in space and time by 
further numerical computations. 

If one designates the radial width of the temperature curve at 
/ = 10“"^ sec as the spark diameter/’ a spark diameter of about 0.8 mm 
would be necessary for ignition. 

If we now proceeded from the one-dimensional to three-dimensional 
heat flow^ corresponding to actual conditions, the conditions for ignition 



would naturally beciome somewliat 
equation for heat conduction 

dT 

dt ' 



It^ss favorable. In place of the 


the following equation is needed for spluuical symmetry in a three-dimen- 
sional case: 


dt r dr ) 


( 17 ) 


in which r is the distance from the center of the sphere. 

Since dT/dr is negative, the second member re|)r(^sents added heat 
conduction. If, for example, the first member d‘'T/dr‘\ similar to the 
examples above, represents a cooling velocity of 

= -10’ dcg/sec 

then, with r = 10““ cm and a temperature drop of 100° per lO"^ cm, 
as is also the case in the (examples above, the second member once more 
contributes to the amount of 




^ — 2 • 10*’’ deg/sec 


,dt/u 

i.e,j the total conduction can be increased several times, but nothing 
would be changed in the order of magnitudes and in the qualitative pic- 
ture. Correspondingly, one will either have to heat a predetermined 
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volume higher or bring a greater volume to a predetermined temperature 
if ignition is to result. Since solutions for heat-conduction equations 
in three-dimensional cases exist (c/. Frank-Mises, cited on page 49), the 
numerical computations for one-dimensional cases can also be applied 
to three-dimensional cas(js. 

If vve assume that the spark diameter is about double that given 
above, or 1.5 mm — which might actually be the case? — the energy con- 
ducted in the spark would be 10“^ cal. That is actually an amount 
that comes into consideration practically and has been assumed by 
Taylor-Jones, Morgan, and AVheeler^ in computations for the heat 
diffusion of energy conducted in a spark in various ways.'-* 

3. Discussion of Experiments on Spark Ignition from the Standpoint 
of the Theory of Heat. — Ignition by sparks, as we have emphasized again 
and again, cannot be undeyrstood exclusively as a thermal phenomenon. 
But it will be well to learn about a number of experiments and to discuss 
the attemj)t to explain ihom on the basis of the theory of heat (in border- 
line c.asf^s). The (^xp('rim<uits and theories considered with the non- 
thermal part of the process are to be treated later (Chap. X). It appears* 
that w(^ may take oven* the formulation originating with Taylor-Jones, 
Morgan, and Wluu'ler’ as long as wxi are interested not in understanding 
th(^ pro(^<ysses taking placK^ in the spark during the discharge but only in 
w h(‘ther g(‘n(*ral ignition i*esults or not, namely, that the general ignition 
of a mixtuni depends on whi(*h volume of gas lias been ignited by the 
spark first. 1 low even*, the statement by the same authors, that it depends 
only on wliic.h volunu' of gas has been heated to ignition temperature 
by the tlKuanal effcad of the spark {cf. Chap. X) is not tenable. That 
this is no reasonalile foiinulation is clear, among other things, from the 
fact tliat, ac(;ording to our discussion above, there can be no universal 
ignition temperature for a small component volume of a gas. From a 
purely tliermal point of view’, it is to be expected — and all experiments 
corroborate this — that tJie general ignition of a mixture depends not 
only on the total energy introduced by a spark, but also on how this energy 
is introduced, wliether by a very brief condenser discharge or by a longer 
oscillating discharge in a system with self-induction. In this case, it 
also dc^pends on the frecpiency of the spark. Taylor-Jones, Morgan, and 
Wlie(;ler^ have attempted (by the inadmissible introduction of an igni- 

1 Taylor-Jones, E., J.D. ^Iorgan, and R.V. Wheeler, Phil. Mag., (6), 43, 359 
(1922). 

2 Morgan dotormined that a spark with 0.9 • 10" '* cal is needed for ignition of 
inethanc-air mixtures with 8.8 per cent methane. 

^ Cf. in tins connection the collective review of the author, Z. Elektrochem., 41, 
183 (1935); paiticularly pp. 185^. and the works listed there. 

4 Taylor-Jones, E., J.D. Morgan, and R.V. Wheeler, Phil. Mag., (6), 43, 359 
(1922). Taylor-Jones, A., Phil. Mag., (7), 6, 1090 (1928). 
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tion temperature) to arrive at quantitative formulations. If we use 
the known integrals of the formulas for heat conduction^ for cases in 
which heat is either introduced at one point or extended over a small 
spherical volume, and in which, further, the heat is added either instan- 
taneously or over a certain finite time, we can see that a predetermined 
minimum volume can be brought to ‘‘ignition temperature with the 
smallest quantity of energy, if the addition of heat takes place instan- 
taneously. We shall see later, however (cf. Chap. X), that the discharges 
of shortest duration are not the most effective for ignition under all 
conditions. 

Even though it is clear from a purely thermal point of view that 
ignition does not depend only on the gross supply of energy, the actually 
observed details arc understandable only if one observes the minute 
details of discharge, the excitation dissociation, and the ionization proc- 
esses of the gas molecules. All this will b(‘ discussed under (^hain 
reactions. If one wishes to understand the whole process, from the 
origin of the explosion in the spark volume to the fully developed flame, 
a knowledge of the processes prevailing in flame propagation is, as has 
been mentioned, necessary. If explosion has occurred in a very small 
component volume, it propagates at first not with the normal velocity of 
combustion but at a much slower rate. This is called “delayed ignition 
and will be (hscussed in the nc^xt chapter. 

Coward and Meiter- have made a careful investigation of the ignition 
of methane-air mixtui’es by sparks and liave discuisscjd them from the 
thermal point of view, idiey iiave det,erminod not only when ignition 
takes place but also what chemic.al effec^ts are caused by sparks not yet 
sufficing for ignition. Methane was naturally chosen for the experiment 
because its ignition is especially dangerous from chance sparks in mines 
threatened by firedamp. Coward and Meitcr used a reaction vessel 
with platinum electrodes (either at a fixed distam^e or at a distance 
adjustable by means of a s(!revv). It was possible to measure the pressure 
or, more specifically, the pressure (dianges in the reaction vessel. In 
addition, gas analyses could be carried out. Sparks were caused either 
by the discharge of a condenser (with a capacity up to 0.0006 /zf) or by an 
inductor. Of all methane-air mixtures, those with 8 to 9 per cent 
methane ignite most easily by sparks. With the special apparatus 
equipped with platinum electrodes, with a gap of 0.52 mm, a primary 
current of 1.45 amp in the inductor sufficed for ignition. In a primary 
current of 1.40 amp, it was possible to send thousands of sparks through 
the mixture without ignition. From the analysis at the conclusion of the 
experiments, it was shown that a methane consumption per spark had 

^ Cf. Fbank-Mises, cited on p. 49. 

* Coward, H.F., and E.G. Meiter, J. Am^Chem. Soc.^ 49, 396 (1927). 
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taken place that corresponded to the complete reaction of a volume of 
0.59 mm*. In other words, an appreciable volume of the mixture can 
be brought to combustion by a spark without causing general ignition. 

In another series of experiments using the same distance between 
electrodes, the (primary) minimum strength of current necessary for 
ignition was 1.3 amp. At 1.25 amp, an average volume of 0.53 and 0.52 
mm* per spark was converted (in the repeated experiment). If the dis- 
tance between the electrodes was increased to 1.0, the required ignition 
current fell to 0.90 amp. At 0.85 amp, the average volume of gas con- 
verted was 0.45 or 0.41 mm*. Thus a much smaller decrease in the 
volume of gas converted per spark corresponds to a considerable drop 
in the required primary ignition current. The results can be understood 
without great diOiculty if the smaller cooling effect of the more widely 
separated electrodes is taken into account. 

Of interest also arc the experiments with mixtures of varying methane 
content and a constant distance between electrodes of 0.52 mm. In 
Table 9, a selection from the experimental data of Coward and Meiter 
is given. 


Table 9. — Ignition Experiments on Methane and Air Mixtures (From C^iward 

AND Meiter) 


Methane in mixture, 

6.22., 

8.49 

11.18 

Primary current necessiirv for ignition, amp 

2.40 

1.4.5 

2.80 

(hirrcnt intensity in the following experiment (without igni- 
tion) 

2.35 

1 .40 

2 . 75 

Volume of the mixture buriK'd ])er .spark, mnb^ 

1.40 

0.59 

1.01 


From this, as has been noted again and again, it is clear that thc^ 
farther one departs from the optimum mixture, the greater must be the 
energy expended for ignition. The volume of gas that can he consumed 
before ignition sets in thus rises sharply, as does also the re(]iured ignition 
current, when less ignitililc mixtures are used. 4'hese mixtures are, 
at the same time, those Avhich show lower flame velocities. For that 
reason, the results are also interesting in respect to the transition of th(^ 
explosion to tlie fully developed flame in small component volumes; 
cf. the following cliapter. 

In Fig. 38 (after Wheeler) arc given the minimum strength of ignition 
current (primary) for a number of hydrocarbon-air mixtures, which rise 
very systematically according to the ignition limits. 

Experiments on the conversion by sparks of the same strength in 
mixtures of varying methane content, including those in which a flame 
is not able to propagate itself (the ignitiblo mixtures of methane and air 
lie about in the neighborhood of 5 to 13 per cent methane) are also 
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instructive. In the series of experiments in question and under the same 
conditions as above (electrode gap of 0.52 mm), a primary current of 1.50 
amp was applied, except in the experiment whtli §.49 per cent methane, 
where the primary current had to be reduced to 1.40 amp, since ignition 
would otherwise have takem place. The results are given in Table 10. 

Even though the experiments show no definite regularity (at 11.18 
per cent methane, we suspect an experimental error), it is possible to 
recognize no characteristic difference between the explosive and the 



'cnnstoff in Mi.s<5hunt; mil Tnift = fuel in mixUjre with air' 


Fig. .38. — Minimum ignition-current intensities (in the. primary circuit) for various 
iiydrocarbon and air mixtures according to Wheeler. {From Bone-Townend, Flame and 
Combustion.'') 

nonexplosive mixtures. The process within the spark itself does not 
differ very much in either case. The only difference is that in one 
case the forced conversion can spread to the outside and in the other 
case it cannot. 

The sparks used, as shown by direct photography on a rotating drum 
(except with currents only 0.5 amp in strength), consisted of a con- 
siderable number of oscillations. The total duration was several thou- 


Table 10. — Conversion during the Passage of the Spark through Methane 
AND Air Mixtures of Varied Composition (Including Those Lying 
outside the Ignition Limits). Distance between Electrodes 0.52 Mm 
Primary Current 1.5 Amp (From Coward and Meiter) 


Methane in mixture, % 

3.12 

6.22 

8.49 

11.18 


Converted volume per spark, mm^ 

0.55 

0.77 

0.591 

0.22 

0.14 

Methane consumed per spark, mm^. . . . 

0.017 

0.048 

0.050 

0.025 



1 Currant intensity 1.40 amp (c/. text). 
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sandths of a second, e.g,, at 1.50 amp there were 35 to 40 oscillations 
during 0.0023 sec; at 2.75 amp a countless number of oscillations during 
0.0081 sec. 

If, instead of inductor sparks, condenser sparks were used — duration 
less than 0.00003 sec — with a voltage just under the ignition point, a 
volume per spark of about 0.90 mm^ of an 8.47 per cent mixture of 
methane and air was consumed, noticeably more (around 0.5 mm®) 

than in inductor sparks, but of the same 
order of magnitude. 

Coward and Meiter compare their 
results with those of Morgan^ on the 
bases of a simplified theory of heat. 
From a pointlike, momentary sourcje of 
heat which produces the (piantity of 
heat Q, the heat spreads in such a way 
that the distribution of temperature^ is 
given by 

Oe 

rp rn 

" “ Sc{TKt)^ 



tion ill the noiKhborhood of an in- 
stantancoub, point like hource of heat 
for varioub intervals. 


in which T is the temperature, To the 
temperature of the surroundings, c the 
mean heat (capacity of the gas per cm®, 
K the temperature conductivity, / the 
time, and r the distance from the pointlike source of lit^at (stn^ Fig. 39). 

If a certain point is selected, with r > 0, the temperature rises 
at first, then drops again. The farther this point is from the soui’ce of 
heat, the lower is the maximum temporal u re reach(Hl. With the aid 
of the ecpiations given above, one can readily compiile how great a volume 
has been heated up to, or above, a certain given temperature and within 
what time. In the experiments of Morgan, a condenser spark with a 
gap of 1.0 mm and just capable of igniting an 8.8 per cent methane and 
air mixture had an energy of 0.0009 cal. For this energy and a point- 
shaped source. Coward and Meiter compute the volumes given in Table 
11, which are heated to a definite temperature in a definite time. 

These volumes ought to be comparable with the volume of 0.9 mm® 
which was converted in Coward and Meiter’s experiments with condenser 
discharges that were just under those required for ignition. 

For methane, ignition temperatures of 700°C were given. Coward 
and Meiter point out correctly, however, that at these temperatures 
induction periods of some seconds elapse before ignition. At 800°C, 


1 Morgan, J.D., Phil M^g., 45, 968 (1923). 

2 Cf. Frank-Misos, cited on p. 49. 
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the induction period is less than 1 sec, and it is justifiable to give an 
ignition temperature in which the induction period is of the same order 

Table 11, — Gas Volumes that Reach a Definite Temperatuuk within the 
Time t ) the Source of Heat Is an Instantaneous Sitpply of 0.0009 Cal 
AT A Point (From Coward and Meiter) 


Temperature, 

°G 

Volume, 

mm* 

Time 
/, sec 

700 

1.24 

3.4 • 10-3 

1000 

0.87 

2.7 • 10-3 

1200 

0.72 

2.4 • 10 3 

1500 

0.58 

2.0 • 10 3 


of magnitude as the periods appearing in Table. 11. Tliat could be the 
case in a temperature lying several hundred degrees above the lowest 
ignition temperature. At any rate, one then arrives at ihe result that 
the gas volume consumed in a spark (in Coward and Meiter\s experi- 
ments) is of the same order of magnitude as the volume heated by a 
spark (in Morgan’s experiments) to an ignition temperature suitable 
for sufficiently short induction periods. 

Even though these considerations show that we can arrive at satis- 
factory results on the basis of a simplified theory of heat, we shall never- 
theless see (esp(H*ially from the experiments of Finch and associates; 
r/. Chap. X) that th('S(^ concepts alone do not suflice. We wish to em- 
phasize, however, that with a theory not, purely thermal in character, 
diffusion, perhaps especnally that of free atoms and radicals, c-omes into 
play. Since diffusion follows the same laws as those for heat conduction, 
it is completely conceivable that concepts of a purely thermal theory 
can be retained. Applied with the proper caution, it is likely that, in 
spite of all these limitations, the view of the theory of heat can occa- 
sionally perform a useful service. 



CHAPTER III 

PROPAGATION OF EXPLOSIONS 

1. General Remarks. — Our interest in this chapter is directed to the 
propagation of an explosion when started at one point of an explosive 
mixture by means, for example, of an electric spark, a hot surface, a 
flame, or similar means. It is generally known that an explosion can be 
caused in a large volume of gas from some one point. We want to know 
principally with what velocity the explosion proceeds. We shall see 
first of all that two factors unite to determine the velo(;ity. One is the 
more or less accidental factor of the gas flow depending on prevailing 
external conditions, and the other is an entity characteristic of the 
explosive mixture — an entity that remains for the velocity of flame 
propagation after all influences on the flow have been eliminated, namely, 
the ‘^normal velocity of combustion.^' This latter entity is the more 
interesting from the standpoint of physical chemistry. An attempt will 
therefore be made to dissociate it from the more complicated results and 
to bring it in relation to the entities of reaction velocity, heat con- 
ductivity, etc. The entity of the normal velocity of combustion is also 
a determining factor when a gas burner fed with a suitable mixture 
'^pops^^ {e.g, a Bunsen burner fed with illuminating gas and air). A 
knowledge of this factor is therefore of importance in all cases in which 
burners with premixed gases are used for technical purposes. The 
best method for determining the velocity of reaction makes use of the 
Bunsen burner (c/. page 84). 

Even though the velocity with which flames propagate in a variety 
of containers (open and closed tubes, bombs, etc.) is much more com- 
plicated than the normal velocity of combustion because of the result 
of flow influences, it must nevertheless be kept in mind that, especially 
in technical applications {e,g., in the internal-combustion engine), 
we are often dealing with a progressive explosion, in contrast to the static 
explosion of the Bunsen burner, and that therefore the study of progres- 
sive flames is at least as important technically as that of static flames. 
In the explosion of firedamps and in similar explosions occurring in 
industrial plants, we are dealing with flames propagating themselves 
from some one point. The study of tliese processes for the purpose of 
preventing such explosions necessitates an acquaintance with flame 
propagation. It therefore follows that we first attempt to determine 
the less complex entity of the normal velocity of combustion and treat 
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the corresponding methods in greater details. But we shall also go 
beyond all this and take up the circumstances surrounding propagating 
flames, the methods for measuring their speed and the laws connected 
with these phenomena. 

By flame we commonly mean a rapid chemical change occurring in a 
thin layer, accompanied by luminosity.^ It is practical to differentiate 
two kinds of flames. An example of one type is the candle flame. Fuel 
vapor rises from the wick and can burn in the neighborhood of the wick 
only to the extent that it is mixed with oxygen from the air, be it by 
diffusion or by turbulence. For this type of flame, it is therefore charac- 
teristic that the combustion process and the mixing process are combined 
and that the mixing process can sometimes even become the important 
factor. In such cases, we speak of diffusion flames. In the firing done 
on a large scale in industry, however, where nonpremixed gases are used, 
turbulence and not diffusion can be the determining factor. This type 
of flame will be discussed in Chap. VI. In the turbulent category 
also belongs the case of combustion in the outer ring of an ordinary 
Ikmsen burner. 

In flames of premixed gases, on the other hand, we are dealing 
with something different. Here w^e have an explosive mixture at the 
very outset. The flame is the luminous zone (called the ‘^surface” 
for the sake of simplicity), in which fresh gas and burned mixture meet 
and which pushes forward to the fresh gas. That the flame is luminous 
is fundamentally of secondary importance. Actually, however, prob- 
ably all flames in explosive mixtures are luminous. A part of the lumi- 
nosity (;omes not from the combustion zone itself but from the afterglow 
of the burned gases behind the combustion surface. In premixed 
explosive gases, the flame is therefore identical with the explosion zone. 

In observing and measuring the flame speed, one almost always makes 
use of luminosity. There are, however, methods independent of it. 
It is possible, for example, to deduce the flame speed from the rise in 
pressure in bombs (cf. page 144). One can also devise methods for 
measuring the speed by the ionization of the flame gases. For example, 
electrodes are attached at suitable distances as electrical probes in which a 
current flows only when the gas between them is reached by the flame 
and so ionized. If the time at which a short circuit appears at the various 
probes is registered, the speed of flame propagation can be computed. 
This method has the advantage of being adaptable in combustion cham- 
l)ers that are difficult of access, e,g.y the inside of a motor in operation.^ 

Here we shall point out that, for the normal velocity of combustion, 

^Luminosity is not essential, but it is almost always present. Cf. Ellis, O.C. 
i>E C., and W.A. Kirkby, Flame,” Methuen, London, 1936. 

® Cf., e.g., ScHNAUFER, B.K., Z. Ver. deut. Ing„ 75, 455 (1931), 
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values from several decimeters up to several meters are generally found. 
Flame speeds can be of similar order of magnitude, but they can also 
assume values of up to several hundred meters per second. Finally, flames 
can in extreme cases change over into a ‘‘detonation,” i.e., a particularly 
rapid combustion with velocities of 1 to 4 km/sec. The characteristic 
feature of a detonation is the fact that a percussion wave {cf. pages 160^.) 
that propagates at a high velocity (greater than sound) is connected with 
the zone of chemical conversion. Detonation is basically a simpler 
process than ordinary combustion. Its velocity is quite independent 
of external disturbances, if only because the velocity of detonation 
is much greater than the velocity of any process coming into considera- 
tion as a disturbance. It can be computed by means of the general 
equations for hydrodynamics and thermodynamics without the necessity 
of reaction-kinetic data. These processes will be treated separately 
in Chap. V. 

It is further of interest to gain an insight into the mechanism under- 
lying flame propagation. We shall see that the normal velocity of 
combustion is caused by the joint effect of lieat conduction (transference 
of thermal energy from the binned gases to the fresh gas) and diffusion 
(specifically diffusion of fresh gas molecules into the hot combustion 
zone and, under certain circumstances, diffusion of active particles from 
the combustion zone into the fresh gas). It is also caused, of (tourse, by 
diffusion of the chemical reaction, on the velocity of which the speed 
of the flame in largo part depends. With a knowledge of the mechanism, 
it is possible to see how far the normal velocity of combustion can be 
increased or diminished by the addition of otlier elements. 

The position of the ignition limits is directly connected with the 
magnitude of the combustion velocity, for a mixture that no longer 
shows a finite velocity of (lame propagation can obviously no longer 
ignite. The ignition limit is liere understood to be a function of the 
composition of the mixture (and possibly of the temperature and pres- 
sure), in other words, the limits in the composition below and above which 
no self-propagating explosion can be caused by external manipulation. 
The location of these limits generally depends on experimental factors 
and the source of ignition (spark, etc.). The limit beyond which no 
ignition can be expected for lack of fuel is called the “lower limit of 
explosion,” and the limit toward an excess of fuel is called the “upper 
limit of explosion” {e.g., in the case of hydrogen in air under the usual 
conditions, the lower limit of explosion lies at about 5 to 9 per cent, the 
upper at about 70 per cent hydrogen). The limits of explosion in this 
sense, as limits of composition outside of which no explosion can be 
caused by external ignition, must be distinguished from the pressure 
limits for auto-ignition (c/. Chap. I, page 13). To avoid misunder- 
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standing, we shall speak of ignition limits for spark ignition and the like, 
and of explosion limits for auto-ignition. 

2. Normal Velocity of Combustion. — An explosion introduced into a 
sufficiently large section^ of an explosive mixture propagates in the 
unburned mixture at a definite velocity. One must distinguish between a 
gross velocity with whi(;h the ignition of a gas in a tube, or the like, takes 
place as compared to the explosion, and the normal combustion velocity, 
or the velocity with which the border surface between burned and 
unburned gases moves, relative to unburned gas at rest in immediate 
proximity to the combustion surface. If a gas mass is ignited within 
itself, the expansion of the burning gas results in a considerable additional 
displacement of the burning surface. 

Concerning the terminology, it should be pointed out that in the 
technical literature the velocity of the movement of the explosion toward 
the unburned mixture is generally called igni- 
tion velocity, but it seems more appropriate 
to apply this term to the movement of the 
explosion on the surfa(u> of solid fuels and 
explosives.'^ We shall therefore use the term 
^‘normal combustion velocity or, for brevity, 

' * combustion vel ocit y . ’ ^ Misunderstandi rigs 
will til us be avoided. 

The question now arises of how the shifting 
of the burning surfaces relative to the unburned gas can be observed 
directly, or how this (uitity can be measured indii’ectly. 

In oi'der to fix once^ more* the concept of the normal velocity of com- 
bustion, let us (;onsid(‘r hig. 40. There the shaded portion represents 
the mixture already burned at the time /, which is to be separated by the 
burning surface F* from the fresh gas to the right. In a volume clement 
of fresh gas bordering on the burning surface at a point P, w(^ imagine a 
system of coordinates in the fresh gas, the ;r-axis of which coincides, let 
us say, with the normal to the combustion surface in P. If the com- 
bustion surface F' intersects this normal in P' in a time t + A^, then 



40. -Definition of the 
“nornijil (50inbu8tion veloc- 
ity”; coiopuic tile text. 


Vn = lim 


PP' 

"At 


Tt 


( 1 ) 


^ As can be seen from what was said ii Chap. II, pp. 49^., on spark ignition, an 
explosion introduced into a very small section need not always propagate. 

2 The term “ignition velocity^' is likely to c.ause niisunderst-aiiding, because it 
seems to suggest that the actual combustion follows ignition after some period of time. 

^ Cf, Mache, H., “ Die Physik der Verbrennungserscheinungen," Leipzig, 1918. 

* ^‘Burning surface” is for the time being, of course, only a fiction. As w^ shall 
see later, a continuous transition from fresh gas to burned gas takes place. The 
transition takes place in so thin a layer, however, that, for many considerations, like 
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is the normal combustion velocity. Under arbitrary experimental condi- 
tions, a system of reference connected with the fresh gas in front of 
the burning surface will generally be lacking, and it will therefore be 
difficult to determine Vn. 

. If it were possible to give the burning surface the exact form of a 
plane, one could imagine the normal combustion velocity as determined 
in the following manner (Fig. 41). Let the combustion surface F be 
perpendicular to the axis of a cylindrical tube. Let fresh gas flow from 
the right with a uniform velocity so regulated that the combustion 
surface remains stationary. Then the flow velocity of the fresh gas is 
just equal to the normal combustion velocity v,,. This is the method 

that Bunsen^ has described in principle for 
determining this entity. Disregarding the 
influence of the tube wall, which makes 
ideal conditions in the combustion zone 
impossible — a thing it is customary to 
point out — general hydrodynamic con- 
siderations make it impossible to realize 
flow conditions in which the burning sur- 
face is exactly plane (c/. page 93). As a quantitative method for deter- 
mining Vnj this procedure is therefore not suitable. Nevertheless, the 
velocity thus computed has a certain practical value. For a given tube 
diameter (v determined in this manner will not be independent of the tube 
diameter), the v thus determined will bo the exact velocity below which 
the gas flow cannot fall if the burner is not to ^^ pop.^^ In a correspond- 
ing form, this method was also described by Bunsen. 

Figure 41 discloses another relation. Let the fresh gas flowing from 
the right with the velocity Vn have the density po and the temperature 
To (abs). The burned gases are to have the temperature T,, and the 
density p,,. Tliey are to flow with the velocity v^. Because of the hydro- 
dynamic continuity requirement (in a stationary condition, the same gas 
mass must flow per unit of time through every cross section of the tube), 
the following is valid: 

Po 

VnPO = Vepe = V,, — ( 2 ) 

and, if the reaction takes place without change in the mol-n umber, 

Po _ Te 
Pc To 


, It 

F 

retj 

«lii) 


Fig. 41. — Flow velocity 
(normal combustion velocity) of 
the fresh gas and Vv. of the terminal 
gases in a cylindrical tube with 
a static, oven-burning surface F 
(experimentally not realizable). 


the above, for example, the introduetion of the concept “burning surface,” in which 
density, composition, and temperature constantly change, is very convenient. 

1 Bunsen, R., Poggendorffs Awn., 131, 161 (1866). 
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Since the density of the hot combustion gases is considerably smaller 
than that of the cold fresh gas, Ve will generally be several times greater 
than Vo; the burning surface is a surface in which not only gas density, 
composition, and temperature, but also the gas velocity,^ change errat- 
ically. If, as the result of reaction, the temperature rises from 300° 
to 2400° abs — assuming that the change of the mol-numbcr in the con- 
version can be ignored — Ve will be eight 
times Vo. Relative to the fresh gas, the 
exhaust gases move with a vclocit}" of 

(Fig. 42) (Frischgus ruhoncl = fresh gas static) 

Fig. 4li. — Ideul case, progress of 
an cvcn-biiruing surface F with the 
velocity Vn toward the static fresh gas. 




Geometrically, the situation is simplest if a large volume enclosed 
in a spherical container is ignited in the center. Since, in the case of a 
solid container, the pressure must rise and the progress cf the explosion 
is complicated by the compression of the fresh gas b}^ means of combustion 

gases {cf. pages 138^f.j, we shall here consider 
/ J . only the simplest cast of a bomb of constant 

; pressure^’ but of variable volume, which can 
. . \ experimentally realized and lias actually 

/ ' . ) been realized for purposes of measurement^ by 

enclosing the explosive mixture in a soap 

H ' f bubble (Fig. 43) and igniting it in the center 

^ J , by a spark. The progress of the flame is most 

i \ '1/ conveniently registered photographically by 

< ! I . y. means of a rotating drum (Fig. 44o).* A slit 

y " permits tlie equator of the bubble to be 

• measured. The result is the flame pictured 

r bubble . Yig With ignition at 0, tlie flame has 

combustion vcloci ty . spread from the point of ignition to both sides. 

ChZ. rZXTL 0937 )"] Since the him was simultaneously moved up- 

ward at a known rate of speed, we get the 
result pictured in Fig. 446. Given the scale of the figure, the velocity of 
the flame is calculated from the slope of lines OM and OA, respectively. 
This, however, is only the actual velocity of the flame ; to compute the 
normal combustion velocity, (2) must be applied 


Fig. 43, — Soap bubble 
for determining the normal 
combustion velocity. 
[From Flock and Marvin, 
Chem. Rev., vol. 21 (1937).] 


Pe 

Vn ^ Ve — 

Po 

1 And with it the pressure {cf. p. 80), but in ordinary flames by only very small 
amounts. 

2 Stevens, F.W., NACA Repts., 306 (1929); 372 (1930). 

* As Mallard and Le Chatelier first measured flames in tubes; cf. p. 92. 
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Pe and po are in inverse relation to the corresponding volumes, and the 
latter according to the third power of the radii of the sphere 


= 

Po rl 


( 4 ) 


ro, the radius of the original bubble, can be measured directly; can 
be computed from Fig. 44/>, given the sca](?, since the distance MN cor- 
responds to tlie diameter of the sphere. It is therefore possible to 
compute Vn directly. 

This method has been applied practically in only a very few cases, 
but it seems to be quite reliable and can be recommended, since it 



a 

(I' lMimrie -- flame) 

Ficj. 44.— Ilocording t he flaino spread in a soap bubble on a rotating drum. 

appears to have only hnv uncontrollable sources of error (for results, 
see page 70). 

Inste^ad of tlie photographic registration of Fig. 44, a series of snap- 
shots at brief intcu’vals can l)e made if a (lamera with suitable stops is 
available. Kesull s like those of Fig. 45 are then obtaiiunl, and the flame 
velocity can be computed from them. 

The soap-bubble metliod of Stevens^ has been discussed in detail 
by Fiock and Marvin.- Stevens originally obtained values for the 
normal velocity of combustion of CO -()2 mixtures which could be very well 
represented by the mass-action relation^ 

= A:[CO]n02] (5) 

1 Stevens, F.W., NACA Tech. Eepts., 176, 280, 305, 337, 372, 1923; /. Am. Chem. 
Soc., 48 , 1896 (1926); 60 , 3241 (1928); Itid. Eng. Chem.., 20 , 1018 (1928); Sci. Monthly, 
32 , 556 (1928). 

2 Fiock, E.F., and C.F. Marvin, Chem. Rev., 21 , 367 (1937). 

» Of. also Chap. VIII. 
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a relation that was hardly intelligible theoretically because — even 
granted that a reaction velocity given by the simple expression (5) were 
determining for — the decisive temperatures and therefore k would 
necessarily be different for different mixtures. In fact, Eq. (5) is not 
confirmed by recent observations (Fiock and Marvin). Since the gases 
always absorb water vapor from the bubble, exact work is possible only 
if one uses a known H20-vapor pressure. For that reason, Fiock and 
Marvin in all their experiments 
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work with a vapor content of the 
gases of 2.60 per cent (on the influ- 
ence of water vapor on the combus- 
tion velocity of carbon monoxide, 
see page 121). The values obtained 
for 25°C are graphed in Fig. 46, 
where Ve is the measured flame 
velocity, E{— is the expansion 

relation, and Vn = v,./E is the nor- 
mal velocity of combustion com- 
puted from both. The normal 
velocity of combustion, as in most 
cases (cf. page 71), sliows its maxi- 
mum, not with the stoichiometric 
mixtur(‘, l)ut rather with a slight 
exc.ess of fuel. Tluire are system- 
atic variations betwe()n and the 
expression A:[C()]"[ 02 ], but even so 
the expression above is a fairl 3 ^ good 
approximation over a certain range. 

By the same method, the flame 
Aelocity of CO-Oa mixtures with 
various additions of inert gas (He 
and A) wen^ inve^stigated. Inde- 
pendent of special considerations, a decrease of the flame velocity is 
theoretically to be expected when foreign gases arc added (cf. page 112; 
not, however, in detonation; cf. Clhap. V). Experiments support this 
view. Argon de(‘.reases the velocity more than helium. We shall discuss 
probable sources of error in this method below. 

The photographs in Fig. 45 by Fiock and Marvin can serve to prove 
that the spread of the flame in the ^‘constant-pressure bomb^’ actually 
proceeds in concentric spheres. Similar photographs by Khitrin^ are 
available. 

The Bunsen method mentioned above is, to be sure, not suitable 
‘ Khitrin, L., Tech. Phys. USSR, 3, 1028 (1936). 


m 

m 


I’lG. 45. — Phot.ograi)hs of an exploding 
soap bubble (1010 fraincs/sec). {From 
Fiock and Marvin.) 
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for quantitative measurements, but one can, like Bunsen, proceed from 



by Fiock and Marvin (p. 67) made 
on carbon monoxide and oxygen 
mixtures. Flame velocity Ve, ex- 
pansion ratio E, and normal com- 
bustion velocity Un. 


this method of presenting the problem. 
The normal velocity of combustion is to be 
determined by making the combustion sur- 
face static by counterflow of the fresh gas. 
However, the form of the combustion sur- 
face must not be prescribed at the outset. 
OncAvill then be pretty well forced to study 
the conditions prevailing in the Bunsen 
burner. These conditions (Fig. 47), as is 
well known, can be put thus: The fresh gas 
mixture flowing from below burns in the 
inside cone^ of the burner. This cone 
burns with a bluish or greenish flame 
depending on the composition of the mix- 
ture; and, according to work done by 
Haber, 2 the mixture in the inner cone is so 
completely burned to CO, CO 2 , and H 2 O 
in the conversion process that these mate- 
rials appear in concentrations that corre- 


spond to the water-gas equilibrium occurring at the temperatures rea(*hed. 


This water gas, which could not react as such, mixes with 
fresh air in the outer cone of the burner by ditfusion, and 
partly perhaps also by whirling and turbulence, and reacts 
with continued weak luminosity to form CO 2 and 1120 . 

At any rate the mantle surface of the inner cone is to 
be considered as the stationary but not the plane burning 
surface of the fresh gas, z.e., as the zone of a stationary 
explosion. A more detailed analysis of the relations that 
connect the form and size of the inner cone Avit h the rate 
of flow of the fresh gas and the normal velocity of com- 
bustion goes back to Gouy,^ whose work was continued by 
Michelson.^ The most reliable discussion of the phenom- 
ena, taking into account what had appeared until 1917, 
can be found in Mache.® 

If one assumes Avith Gouy a constant normal velocity 
of combustion [an assumption that will not be realized for 



Fig. 47.— 
Sketch of the 
Bunsen burner. 


the immediate proximity of the wall because of conduction, as well as in 


^ We shall use here and elsewhere the common term “cone,” although it is really 
not a cone but more a general surface of revolution. 

* Haber, F., and F. Richardt, Z. anorg. Chem.<, 38, 1 (1903). 

3 Gouy, Ann. chim. phys., 18, 27 (1879). 

* Michelson, Wiedemanns Ann. 37, (1889) 1; for further quotations, cf. Mache. 

* Mache, H., “Die Physik der Verbrennungserscheinungen,” Leipzig, 1918. 
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areas with a sharp bend of the combustion surface (cone tip of the Bunsen 
burner)], the following picture results (Fig. 48). If one designates the 
cross section of the mouth of the burner as Fq and the average rate of flow 
of the fresh gas as V/, then, to prevent the burner from popping, i;„ ^ V/. 
On the other hand, all the fresh gas flowing in a unit of time, namely, FoV/j 
must be converted in the burning surface with a magni- 
tude designated by F, The quantity converted in the 
unit of time is equal to the burning surface times the 
normal velocity of combustion, and the following equa- 
tion therefore applies. 


FoVf = FVr, Vn = Vf ~ 


Fo 

F 


(6) 


If one assumes the burning surface to be a cone with 
the angle t?, and if ro is the radius of the mouth of the 
burner, then 



Fo = irrl 


sin 


Fia. 48.— Thtv 
ory of the Bunsen 
burner. 


and therefore 

Vn = V/ sin (7) 

All the results that follow, go back to this simple formulation. For 
that reason, it is not necessary to introduce the precise assumption of 
a cone-shaped surface of combustion; rather, one can resort to Eq. 
(6) , which is completely exact as far as one can assume a constant normal 
combustion velocity. 

We shall now consider the relations at the surface of 
combustion in detail. Through the element of d, perpen- 
dicular to the direction of flow of the fresh gas V/, in a unit 
of time, the quantity of gas flowing is (Figs. 48 and 49) d Vf. 
Let F again be the combustion surface pictured in the illus- 
tration. The flow tube with the cross section do cuts out 
of this surface an element 

dw = -- 

sm d 

Fig. 49. since combustion is to proceed normally in respect to 

this element, the quantity burned in the unit of time is 

do) Vn = do * 

sm d 

since the converted quantity must be equal to that flowing in, namely, 
do Vff it follows that 



do = do Vf 

sm 1? 


( 8 ) 
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or 

Vn = Vf sin (9) 

If the rate of flow were constant over the entire cross section of the tube, 
parallel to the axis of the tube, and equal to Vf, the equation above would 
be valid for every point; and, insofar as one demands that the burning 
surface rest on the edge of the burner, one would get a straight circular 
cone (Fig. 48) and thus the relation of Eq. (7). The greater the velocity 
of the fresh gas, the more pointed the cone; the greater the combustion 
velocity, the blunter the cone. 

If V/ is measured and if the angle is computed [or what is equivalent, 
the height of the cone h when the radius of the burner is known (Fig. 48)], 
Vn can be computed by means of (7) without difficulty. This method 
was first used by Michelson and then expanded at the Gas Institute of 
Karlsruhe by Bunte, Ubbelohde, and associates. Aside from obvious 
advantages of the method, it is clear that it will be especially suitable 
for all cases involving the use of gas in burners. 

We shall give some of the results obtained by this method and then 
add a few remarks of a systematic nature. A survey of some of the 
combustion velocities of fuel mixtures with air obtained by this method 
is presented in Fig. 50.^ The smallest measurable normal combustion 
velocities (in the neighborhood of the ignition limits) are about 20 cm/sec; 
the maximum value for hydrogen in air is around 267 cm/sec; the maxi- 
mum velocity of hydrogen-oxygen mixtures is about 9 m/sec. A 
systematic discussion of the velocities obtained and the influence upon 
them by external factors like temperature and pressure, as well as the 
treatment of their dependence on the composition of the mixtures and 
on addition of inert gases, will be added later in the proper connection 
(pages 88, 89, 121). Since the dynamic method by Gouy as well as 
Stevenses soap bubble method are directed toward the measurement of 
undisturbed normal combustion velocity, the numerical values obtained 
by both methods should coincide. Unfortunately little material that 
can be compared exists as yet, and therefore no conclusions on the 
variations in the values obtained by both methods are as yet justified. 

^ C/., in this connection, Ubbelohde, L., and O. Dommer, Gas- u. Wasserfachy 
67, 733, 757, 781, 805 (1914). Ubbelohde, L., and E. Koelliker, Gas- u. Wasserjachy 
69, 49 (1916). Bunte, K., and Litterscheidt, Gas- u. Wasserfach, 73, 837, 871, 890 
(1930). Bruckner, H., and G. Jahn, Gas- u, Wasserfachy 74, 1012 (1931). Bunte, 
K., Gas- u. Wasserfachy 76, 213 (1932). Passauer, Gas- u. Wasserfach, 73, 313, 343, 
369, 392 (1930). Jahn, G., and G. MUller, Gas- u. Wasserfach, 76, 756 (1933). 
Bunte, K., and G. Jahn, Gas- u. Wasserfach, 76, 89 (1933). Ubbelohde, L., and 
M. Hofsass, Gas- u. Wasserfach, 66, 1225 (1913). Ubbelohde, L., and R. Anwand- 
TER, Gas- u. Wasserfachy 60, 225 (1917). Cf. also the Karlsruhe dissertation by E. 
Hartmann, 1931 (from which the illustration above is taken). Likewise see G. Jahn, 
1934. 
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The example of CO-O 2 is not especially well suited for purposes of com- 
parison because of the great dependence of the normal combustion 
velocity on water-vapor concentration. In support, it might be pointed 
out that Jahn^ found a maximum combustion velocity of 107 cm/sec 
for carbon monoxide which contained 1.5 per cent H 2 and 1.35 per cent 
II 2 O in mixture with oxygen (adulterated with 1.5 per cent N 2 ). Jahn 
applied the dynamic method, and his results coincide satisfactorily with 



Fig. 50.- 


( VcrhrennungagcschwindiKktnt, = combustion vclocityv 
Luft = air \ 

Athyliitiier = ethyl ether I 

Athylcn = ethylene I 

Schwefelkohleustoff = carbon disulphide j 

(las in luft « gas in air / 

“Normal combustion velocity of various materials in mixture with air. 
Hartmann, Karlsruhe Dissertation (1931).] 


[From 


Fiock and Marvin^s value of about 100 cm/sec for CO-O 2 mixtures with 
2.65 per cent H 2 O (quoted page 69). The mixture of maximum com- 
bustion velocity has a content of 77.5 per cent CO in Jahn^s experiments. 
In other words, it also tends toward the side of highest fuel content 
and away from the stoichiometric mixture. 

A better survey of the normal combustion velocities depending 
on fuel concentration can be obtained, if one does not plot the content 
of fuel by percentages in the usual manner but instead chooses as the 

^ C/. also the Karlsruhe dissertation by E. Hartmann, 1931 (from which Fig. 50 
was taken). See also G. Jahn, 1934. 
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abscissa the content of primary air (or oxygen) in percentages of that 
required for complete combustion (Fig. 51). This presentation cor- 
responds to that usually chosen in engine combustion with the excess 
air number X. We present in this connection some of the results by 
Smith. ^ Figure 51 shows clearly that the mixtures of maximum com- 
bustion velocity always lie in the direction of excess fuel. 



fheon erforderUchen Lt/ftmenge 


{% der theor. erforderlichcn LuftmenRC « per cent of the quantity of air theoretically required) 
Fig. 51. — Normal combustion velocities of various materials in mixture with air. (From 
F.A, Smithy Chem. Hev,^ vol. 21 (1937).] 

3. Extended Theory of the Bunsen Flame. — The discussion regarding 
the formulation of the principles of the Bunsen burner is based on two 
assumptions, both of which obviously cannot be realized. 

1. That the flow be constant for the entire cross section. 

2. That the flow into the free gas space be continued in the same 
manner as in the tube of the burner, and esptHually tliat it should not be 
influenced by any reaction of the flame. 

Obviously, there is no reason to regard these two assumptions as 
being self-evident; indeed, a logical and precise manner of deduction 
would demand that the hydrodynamic problem of the free-burning 
flame be treated in a rather general way, with statements of flow relations 
and the form of the combustion surface following in the nature of a 
solution. In this form, however, the problem has probably never been 
stated and certainly never solved. 

We must content ourselves with pointing out existing difficulties 
and with discussing the matter as well as possible considering the experi- 
mental and theoretical data available. 

So much is clear thus far: The assumption of a constant velocity 
of flow over the entire cross section will never be realized because of 


^ Smith, F.A., Chem. Rev., 21, 389 (1937). 
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internal friction, and we can — as has actually been done in the literature 
without further discussion — give the distribution of velocity for the flow 
in the tube as laminar flow and deduce the form of the combustion cone; 
but presupposition 2 will still be needed. It is in any case useful to 
make clear what form of burning surface will result. 

If we have laminar flow with adhesion of the gas to the wall (a fact 
generally supported by observation and assumed in the formulation 
of Poiseuille’s law), a parabolic distribution of velocity over the cross 
section results with a value of 0 on the wall (Fig. 52). In this case, a 
different inclination of the burning surface toward the axis is involved for 
every value of r, the inclination obviously assuming a 
minimum at the axis itself. Without computing, it is 
clear that, for the burning surface, avc obtain qualita- 
tively the axis section F, as plotted in Fig. 52. But 
difficulties occur when r = 0 (axis) and when r = tq 
(the rim of the burner). For r = 0, the burning sur- 
face would have to have a sharp point, but this would 
run counter to all expectations and is moreover von- 
tradicted by direct observation. This difficulty is 
easily obviated (cf. page 76). Of fundamental 
importance, however, is what takes place on the rim. 

Since the velocity of tlie fresh gas Vf for r — i\) goes 
toward 0, there must be a value I'k < ro, for which 
exactly (?v)r-a = r,*. For tliis value n, the burning 
surface, would have to 1)(> perj)endicular to the axis, 
and for r > there would be no static burning surface 
at all (Fig. 52). In the immediate proximity of the 
rim this is, to be sure, no longer the case, since, as we 
shall see below, the normal velocity of combustion wall 
approach zero here as the result of heat conduction.’ 

At any rate, if w^e wdsh to overcome the difficulties presented by Fig. 52, 
it will be necessary to revise the assumptions on the condition of flow. 

We can — although it does not correspond to assumptions usually 
made for flow — introduce a finite external gas friction on the wall of the 
burner. In this w'ay, a finite gas velocity results tliere, and all difficulties 
are avoided. Although w-e are of the opinion that this assumption does 
not correspond to reality, Ave shall indicate in the following how Michel- 
son, in a calculation reproduced by Mache, computed the form of the 
burning surface according to this method, because it seems to us the 
simplest relation enabling us to obtain a quantitative picture. 

If we let the 2 -axis of a system of coordinates coincide with the axis 

‘ For further discussion on the form of the burning surface, cf. especially the w'orks 
of L. Ubbelohde, quoted p. 72. 



Fin. 52. -Flow 

velocity of the fresh 
Kas, ?’/, with laminar 
flow; the form of the 
burning surface, F, 
is derived. 
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of the burner and add the r-axis perpendicular to it, we obtain with 
the former designations the following differential equation for the burning 



Fig. 63. 


surface (Fig. 53): 

( 10 ) 

dr ~ Vn 

In this, Vn is again regarded as constant, whereas 
the function of r resulting from laminar flow with 
finite external friction (z.e., slipping on the wall of 
the tube) is to be substituted for Vj. We then get 


/ V const ( 

'•'/W = “ - 


in which again ro is the radius of the burner, rj the inner, and X the external 
friction. If we place (11) in (10), we are Anally led to elliptical integrals, 
the solving of which (given the numerical values for the constants) is 
simple with the aid of well-known tables. Wo refer the reader to Ma(*he 
and will present only a special solution in graphic form (Fig. 54), a(‘cord- 


ing to Mache. 

In the first place, the following is noteworthy: 
There are two solutions, a surface of revolution with 
its apex at C and one opposite it with its apex at D. 
In the second place, the sharp point of the burning 
surface is noteworthy. It now remains to show 
why only one of the two surfaces, the one with its 
apex at C, is observed. It is further necessary to 
show that this surface is really stable, i.e.y that it 
returns to its original position if it is displaced by 
small disturbances. As Mache has shown, this is 
possible only if a corollary assumption respecting 
the rim is introduced (we shall treat the condition at 
the rim of the burner later). If Ave assume that the 
burner is constantly ignited at the rim, we can see 
that only the upper cone, as Ave normally observe it, 
is stable; for, if Ave consider the lower cone and if Ave 
moved the point from D to D' by some external 
means, the velocity of floAV of the gas would be the 
same, but the entire conversion would be decreased 
because of the decreased burning surface, and as a 



1'" I G . 54. - ~ C o m - 
putod burning surface, 
ACB or ADB. (From 
Mache, p. 69.) 


result the flame Avould have to be bloAvn out of the tube. If, on 
the contrary, the apex were moved from D to D", the combustion 
velocity would overbalance the flow components normal to the burning 
surface, and the burner would pop. At any rate, the lower cone would 
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thus be unstable. That the upper cone is stable in the face of such 
changes is obvious when one thinks of its tip displaced to C' or C". In 
this case, the change of the size of the burning surface causes it to return 
to its original position. 

That this, however, depends essentially on the assumption respecting 
the rim can be seen if we assume the point of ignition to be at D instead 
of on the rim. Then it is this point that is determined as the tip of the 
burning surface. By external means, only the position of the rim could 
be changed (Fig. 55) either to A'B' or Analogous to the above 

situation, it can be seen that the burning surface will trend back to its 
original position, in other words, that with ignition at D the lower cone 
becomes stable. 

In order to show that no sharp point but rather 
a rounded top forms at the upper end, it is necessary 
to make use of the theory of flame propagation. 

We therefore refer the reader to the discussion on 
page 1 27 and shall give here only the following. We 
have attempted to treat flame propagation as a 
purely thermal phenomenon, from the same point 
of view from which we treated the processes leading 
to ignition in the preceding chapters. The fresh gas 
is ignited to such an extent by heat conduction that 
by spontaneous reaction the temperature rises 
higher and higher by itself, etc. Accordingly, lu^at conductivity and 
reaction velocity dependent on the temperature are determining factors 
for the normal combustion velocity. This theory is incomplete for the 
same reasons tliat were discussed in the first chapter. The reaction 
velocity will not be a pure temperature function but will depend in large 
measure on chain-branching. Since free radicals or other active centers 
can continue the chain, the reaction into the iinburned portion can be 
continued not only by heat conduction but also — and in special cases 
perhaps even predominantly — by the diffusion of active particles. Since 
the formal laws of diffusion coincide with those of heat conduction, the 
results that are important here would remain unchanged formally by the 
additional assumption of diffusion. 

If combustion is propagated by heat conduction, the normal combus- 
tion velocity will increase with the heat flow, although perhaps not 
linearly with it, but presumably more since the reaction velocity is an 
exponential function of the temperature. If the burning surface has 
the form of a plane [more correctly, if the radius of curvature of the 
surface is very great compared with the 'thickness of the burning zone’' 
(estimation; see page 108)], then heating in front of the burning surface 
is given by 
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dT d^T 

dt “ dr» 


( 12 ) 


if the r-axis runs in the direction of the normal of the burning plane, 
and K is the temperature conductivity. If the burning surface is no 
longer a plane, however, the following is valid for heating, if we consider 
only the two borderline cases of a cylindrical or spherical burning surface 
— where the fresh gas is to be within the surface — both of which can be 
represented in dependence on only one radical, the radius r. 


or 


dT 

m 


dT 

dt 


« + 1 dr) (cylinder) (13) 


According to the computations by Macho and Michelson (c/. page 
107), dT/dr becomes of the magnitude of 50,000°/cm; d'^T/dr’^ can bo 
estimated at an average of about 2,500,000°/cm‘'. One can see that, in 
addition to the member (12) being solely determining in cases of pianos, 
the second member (13) or (14) becomes noteworthy at small values of r, 
i.e., small radii of curvature of the burning surface. With the above 
estimated values of dT/dr and d’^T/dr-^ it can be seen that, even for 
r = 1 mm, the second member in (13) or (14) is no longer negligible as 
compared with the first. All this means that the heating of the fresh gas 
is increased by a sharply curved burning surface. This fact suffices to 
explain qualitatively the action at the flame tip. As a result of the 
increased supply of heat, the normal combustion velocity has been 
increased to such an extent that the burning surface can remain static 
even normal to the direction of flow. A quantitative treatment would 
presuppose an exact theory of combustion velocity, which we do not yet 
have at our disposal. 

It is much more difflcult to understand the situation at the rim. 
We have pointed out on pages 75 and 70 that, in the case of laminar 
flow and infinite external friction — as it is assumed in formulating 
Poiseuille^s law — the velocity of flow in the neighborhood of the rim 
must always become smaller than the normal combustion velocity, and 
that as a result the flame there would pop. Mache therefore assumed 
finite external friction in order to avoid this difficulty. 

This difficulty, however, is not the only one affecting the rim phe- 
nomena. It is again Mache to whom we owe a discussion of the condi- 
tions prevailing here. He analyzes what takes place with one element 
of the burning zone (Fig. 56). The element at 0 would, as the result 
of flow of the fresh gas, move upward with a velocity of Vf. The normal 
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combustion velocity Vn = Vf sin takes care, to be sure, that the element 
cannot move out of the burning surface, but it does not prevent the 
element from moving within the burning surface with a velocity of 
(Figs. 53 and 56) Vt = Vf cos ^ = Vn cot d. The result would be, as 
shown in Fig. 57 from Mache, that an element of the burning surface 




a b c • 

Fiq. 57. — Extinguishing the burning 
cone from the rim; see the text. {From 
Machc.) 

at the rim would move within the burning surface toward the point 
of the cone, and that tlie cone would be extinguished at the rim. As 
long as one holds to the view that the burning surface inclines toward 
the direction of flow, one cannot overcome this difhculty without a 
special corollary assumption. Mache points out that the flame at the 
rim must constantly be ignited anew, if it is not 
to be extinguished, and that it makes the mixing 
layer between the gas and the air function as the 
“ignition flame. Ubbclohde and Koellikcr* 
point out that this explanation might not be 
adequate since a burning cone can also be static 
if the introduction of fresh air is made impos- 
sible, and thus a mixing layer cannot exist (e.g. 
in the use of a flame-splitting tube; c/. page 85). 

It seems to us that the problem cannot be 
solved without a more exact consideration of the 
flow conditions. We shall therefore now discuss 
known facts about flow in the Bunsen burner. 

If we keep to the view that the un burned 
gas moves axially and the burning surface lies 
diagonal to the direction of motion (>??, Fig. 

58), the direction of flow in the burning surface will change irregularly; 
thus the following equation is valid (with the same terms — po and pe are 
the densities, v/ and the velocities of the fresh gas and the terminal gas). 

poVf do) sin d = peVc dta sin (p (15) 

‘ Ubbblohde, L., and E. Koellikee, Gas- u. Wasserfach, 69, 54 (1916). 



Fio. 58. — Breaking of 
the gas flow in the burning 
surfaee. (From Mache.) 



Fra. 50.- Tangential displaoement, 
of an eleihent of the burning surface. 
{From Mache.) 
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because of the continuity of the gas flow; therefore 

PqV/ _ sin (p 
PeVe ” sin 


( 16 ) 


if the tangential component of the flow is to remain unchanged (since 
only an acceleration normal to the burning surface is caused by the 
combustion), then the following is valid: 

_ Vf cos 

Vf cos cos ^ — = r (17) 

' Ve cos & 

and therefore 

po _ tan (p 

Pe tmi} ^ ^ 


Thus (p can be computed from the known data. 

* Direct experimental proof for this type of flow does not exist. To 
be sure, the flow of the burned gas can be made visible by the introduction 
of lycopodium seeds into the fresh gas which flash after contact with the 
burning surface (Mache, quoted page 70), but it might be difficult 
to decide with certainty whether the angle <p is 90° or, as Fig. 58 and 
Eq. (18) require, whether the angle is less than 90° by a finite but not 
very large amount. At any rate, observations on the flow of the fresh 
gas are lacking. 

Corresponding to the sudden increase in gas velocity in the burning 
surface, there is a sudden increase in pressure. [This follows quite 
generally from hydrodynamic considerations such as those discussed in 
the treatment of detonation in Chap. V. The “Hugoniot-curve^^ 
shows in the branch to be ascribed to ordinary comimstion that a certain 
(small) loss of pressure must correspond to the increase in volume in the 
transition from fresh gas to burned gas.] The conditions in respect to 
the Bunsen burner are discussed in greater detail by Mache. ^ He reports 
on the following experiment, for example: A mixture of illuminating gas 
and air consisting of 25 per cent of gas content (with = 34.2 cm/sec) 
flowed through a tube 1 cm in inside diameter with a velocity of 425 
cm/sec. Before ignition, the pressure excess over the atmosphere 
amounted to 0.076; after ignition, it was 0.149 mm of water. The 
difference in pressure of 0.073 mm of water is therefore necessary to 
accelerate the gas in the burning surface to its terminal velocity; or, 
what is the same: in the acceleration caused by the volume expansion 
of the gases, the gases cause a recoil on the fresh gas, in which, as a result, 
the pressure rises by the amount of 0.073 mm of water. 

For the assumption generally made implicitly or explicitly, that the 
gas movement in the free atmosphere is the same as in the tube of 

^ Mache, H., “Die Physik der Verbiennungserscheinungen,“ pp. 44^., Leipzig, 

1918. 
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the Bunsen burner, Mache^ cites a photograph made according to the 
schlieren method which shows a jet of gas (not ignited) coming from a 
Bunsen burner for a length of several decimeters with a gas velocity of 
about 3 m/sec. One can easily compute that on its way the jet of gas 
must have experienced considerable mixing by diffusion. At a distance of 
30 cm from the mouth of the burner, i.c., after 10~^ sec contact with the 
air, the following mean square of displacement results: 


- 2Dt ^ 5 • 10"" cm2 (19) 

if one assumes about 0.2 to 0.3 cmV^ec for the diffusion coefficient and 
puts t — 10“^, or 

■V^ = 2.2 -10-1 cm (20) 



That is, considerable mixing has taken place to an extent of over 2 mm 
from the boundary surface. We can therefort. assume that the relati^^ely 
sharp jet limit observable in Mache’s pho- 
tograph is to be regarded not as the limit 
of a real jet of gas but as the place of 
greatest drop in concentration (/) in the 
bell-shaped distribution cui-ve of the con- 
centration in a section perpendicular to 
the direction of the jet (Fig, 59). Insofar 
as turbulence prevails, the mixing can only 
be greater still. 

As a further proof that a cohesive jet 
of gas emerges, it is stated that, if a wire 
ring is placed some distance from the mouth of a 
and the gas above it is ignited, the cone of flame above 
is formed the same as directly over the tube of the burner. 


I 


r ^ r 

Fici. 59.— Combustion gas con- 
oontmtion r as a furnaion of the 
distanno botwoon the axes r in a 
•section porpondicular to the axis 
of tiic tube above the mouth of the 
burner. 


Bunsen burner 
this ring 
It would 

still be necessary to show, however, that the burning cone over the 
wire is also quantitatively the same as the one ignited on the tube of 
the burner; otherwises, the study of the shape of the cone varying with 
the distance of the ring over the burner, as well as the study of the con- 
verted gas mass, would offer a method of arriving at statements on the 
actual state of the flow. 

The gas flowing out of a tube under conditions as they exist for the 
Bunsen burner seems hardly to have been investigated in greater detail, 
either theoretically or experimentally. It is a matter in this case of the 
flow of a gas with friction in which the gas can be treated as practically 
incompressible. 2 As far as the condition of flow of the gas in the tube 


^ Mache, H., “Die Physik der Verbrennungserscheinungen,” pp. 44^., Leizpig, 
1918. 

2 The pressure differences appearing in the discharge are so small that the changes 
in volume caused by them may be ignored. 
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of the burner is concerned, it can clearly be considered either as laminar 
or as turbulent flow. As is well known, the Reynolds number is a criterion 
for this. 

It, = v- ( 21 ) 

in which v is the flow velocity, I the diameter, if a tube is used, and v 
the kinematic viscosity; v is given by 

I- = ^ (22) 

P 

in which v is the viscosity and p the density. For air of room tempera- 
ture, V amounts to about 0.14 cm V^ec. The critical value of the Reynolds 
number, below which laminar flow is stable, lies at about 2000. It can 
be seen that, at a flow velocity of 1 m/see and a tube diameter of 0.5 cm, 
the flow is certainly still in the laminar range, for then 

R. = 100 • = 360 (23) 

If the values of velocity and tube diameter are three times those given — 
and this still corresponds to possible conditions — the value of the Reynolds 
number is 3200, and the flow is fairly sure to bo 
within the turbulent range. In the usual Bunsen 
burner (Teclu burner), the distance from the gas exit 
nozzle and the air intake to the mouth is so short 
(about 10 cm) that, even though the value of the 
Reynolds number is below the critical value, it must 
be considered that in this short distance the flow has 
certainly not quieted down and is still turbulent. It 
seems, accordingly, tliat laminar flow is possible in 
experiments on the Bunsen burner, since a quietly 
and evenly burning cone has been achieved for 
observation by employing a sufficiently long and not 
too large a tube. However, in burners used in the 
laboratory or for technical purposes with a medium 
or large diameter, it is necessary to deal with turbulent flow. Generally 
valid and simple equations are not therefore to be expected. Further, 
it is to be considered that, even if the flow in the tube is laminar, the 
condition in the pi’oximitv of the open end will vary considerably from 
that within the tube, and that the gas coming from the tube will not 
have the same distribution of velocity and direction as gas in the inside 
of a long tube. 

If one had frictionless flovr of such a kind that equal-velocity surfaces 
resulted, as in Fig. 60, the entire problem w^ould be extremely simple. 
It would only be necessary to pick out the equal-velocity surfaces in 
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which the velocity of flow Vf was equal to Vn. There the burning zone 
would be static. Such a solution is in principle excluded, however, 
because of flow with friction. Since in this case there is always a decrease 
in acceleration perpendicular to the direction of flow, one can never select 
a surface in which the velocity of flow is everywhere equal to i>„ and in 
addition intersects normally to this surface directionally. For this 
reason, an attempt by Prcdvoditelev^ to explain the form of the Bunsen 
burner by considering the burning surface a surface of selected velocity 
of the gas flow is unsatisfactory. He had found that, in gases that flow 
from wide openings (100 mm and above), a distribution of velocity forms 
in the free space which is approximately given by bell-shaped curves 

v(Zjr) ~ Y ^ 

in which z is measured in the direction of the tube axis with the zero 
point in the mouth, and r is the distance perpendicular from the axis. We 
realize, however, that this system of bell- 
shaped curves cannot be regard<Kl as sur- 
faces of equal potential flow, a thing that 
would contradi(*t also the physical as- 
sumptions of the flow in question. If, on 
the other hand, the direction of flow is 
not perpendicular to thes(? surfaces, tlu^ 
same considerations as abovt^ ai*e needcsl 
to determine the static^ position of the 
burning surface. It is problematic in 
general simply to apply the results 
obtained from a large tube with probable 
turbulence to the narrow tubes of the 
Bunsen burner, where laminar tlow prevails, at least in those experiments 
conducted to measure coinbustion v(?lo('ities. 

This much is correct, liowcver, that it is necessary to know the condi- 
tions affecting floAv in the free atmosphere around the burner before it is 
possible to proceed to an exact deduction of the form of the burning 
surface. Smith- gives preliminary results in this connection which were 
gained in the following manner: Light aluminum particles were mixed 
with an air current streaming out of the burner. From the path of 
these particles, the flow as well as the velocity of flow could be determined 
photographically. M(iasurements showed that, in a jet of gas coming 
out of a tube, a decrease in velocity took place in the middle of the tube 
[in distances of 1 to 2.5 burner diameters, the velocity decreased in the 

^ Predvoditelev, a., Tech. Phys. USSRy 2, 364 (1935). 

* Smith, F.A., Chem. Rev., 21, 389 (1937). 



Fia. 01. — Condition of the flow 
as the gas loaves the mouth of the 
burner and enters the atmosphere; 
tlie solid line shows velocity distribu- 
tion in the tube of tlie buriior (radius 
ro) ; the broken line shows velocity 
distribution above the mouth of the 
burner. 
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F I Cl . 6 2.— 
Forins of tlie burn- 
ing cono. {From 
Ubhelokde and 
Koelliker.) 


neighborhood of the axis by about 3.4 cm/sec (per 1 cm of path)], whereas 
at the rim a rather large increase in velocity could be noted, as would be 
expected. The direction of flow remained essentially parallel to the 
axis of the tube. The effect of inner friction may therefore be presented 
as follows (Fig. 61): Let the solid curve represent the distribution of 
impulse in the mouth of the burner. As the jet progresses, a “ diffusion 
of the impulse to all sides takes place, and at some 
distance over the burner the distribution of the impulse 
is represented by the dotted line with the same direction 
of flow. The spread of the moving gas masses is caused 
solely by the induction of the outside air. 

4. Methodology for Determining Normal Combus- 
tion Velocity, According to Gouy and Michelson. — In 
the inv(^stigations of the Karlsruhe Gas Institute, special 
attention was accorded the sources of possible error in 
the burner method. It is most convenient simply to 
measure the height of the cone h, together with the veloc- 
ity of flow of the fresh gas. It is then possible to figure 
the size of the cone surfac(^ if the radius of the burner is known, assuming 
an exact (a)ne surface. From the size of the cone surface, the normal 
combustion velocity can be figured as the quotient of the flow volume per 
unit of time divided by the burning surface. This method is often 
ade(|uate, since the deviations of the actual burning surface from the exact 
form of the cone are of such a nature 
that they are partly compensated for 
in relation to the entire surface (Fig. 

62(7) . In extreme cases, however, burn- 
ing surfaces of the form in Fig, 626 can 
appear.^ In such cases one cannot 
simply measure the henght; the flame 
must be photographed, and the size of 
the surface of revolution must be com- 
puted by a suitable numerical or graphic 
method. If this is not done, mistakes 
of up to 50 per cent (‘.an be made. 

Another error that can be introduced 
in measurements by the cone method is 
the following: The ignition limits of gas mixtures are defined by 
the fact that a flame is just not able to propagate itself in them. 
Ubbelohde and Hofsass (quoted page 72) had found that, although 
Vn trends to the value 0 at the lower limit of ignition, it does not do so 
at the upper limit (Fig. 63, in which the normal combustion velocity 
^ Cf. Ubbelohde, L., and E. Koelliker, quoted p. 79. 



(Bremnstoff in Luft = fuel in air) 

Fig. 63. — Normal combustion 
velocity as a function of the conn- 
position of the Kfis (Zw and Zo lower 
and upper ignition limits). Dashed 
line represents measurements with 
split-flame tube. {From Ubbelohde and 
Hofsdss.) 



PROPAGATION OF EXPLOSIONS 


85 


is schematically plotted against the fuel content in air. Zu and Zq 
are the lower and upper combustion limits). If one does not let the 
flame burn free, however, and employs instead a split-flame tube^ (Fig. 
64), the values at low fuel concentrations are the same with or without 
the use of the split-flame tube. At higher fuel concentrations, however, 
lower combustion velocities are found with the split-flame tube than 
without it. The reason for this is apparent: An adulteration of the fuel 
mixture by means of the surrounding atmosphere always 
occurs at the rim because of diffusion or possibly turbu- 
lence. If the surrounding element is air and if the fuel 
concentration is so high that the maximum of velocity 
has been passed, the combustion velocity is increased by 
the addition of air. In the split-flame tube, this cannot 
take place, because no fresh air is present.^ 

Recently, a detailed study of the burner method has 

been published by Smith and Pickering, but no special 

attention was devoted to precisely this point. In the 

original work by Smith and Pickering, it was assumed 

that the velocity of the escaping gas was the same as that 

of the laminar flow in the burner tube. If the burning 

surface were a straight cone (at constant velocity of flow 

over the cross section), measurement (cf. page 71) of half 

the angular aperture would serve to determine Vn. If 

the velocity is distributed over the cross section para- Split-flame tube, 

bolically as in laminar flow, however, the burning surface prevents 

. , ,. , theentryof 

has a different form and also a different average slope, secondary air to 
There is, however, a point at a distance (\/2/2)ro = O.lro 
from the axis of tlie tube where Vf{r) is exactly equal to Vf and where 
as a result tlie element of the burning surface just under the angle 
?? is inclined to the direction of flow (Fig. 65). The method of 
Smith and Pickering rests on determining the angle of slope at pre- 
cisely this point and computing v„ from it. Obviously the method is 
lacking a sure theoretical basis (which Smith has begun to supply in 
his second work), since the distribution of velocity is different from that 
inside the burner tube. But, from the experiments reported on by 
Smith (and from the statements on “ diffusion of the impulse, page 67, 

^ This was first applied by N. Teclu, J. prakt Chem.., 44, 246 (1891) and then by 
A. Smithells and H. Ingle, Trans. Chem. Soc.^ 61, 216 (1892). Later F. Haber used 
the split-flame tube for his experiments on the composition of the “intermediate gas.” 
The experimentvS with the split-flame tube are the first proof of the fact that the com- 
bustion in the inner cone of the Bunsen burner actually takes place in a very thin layer. 

^ Measurement even in the split-flame tube is not completely free from objections, 
since now, instead of air, diffusing combustion gases will reduce Vn. 

* Smith, F.A., and S.F. Pickering, J. Research Nat. Bur. Standards^ 17, 7 (1936). 
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Fig. 61 ), it is clear that outside the burner in the center of the tube the 
velocity decreases and that it increases at the edge. Between these, 
there must be a section where the velocity has remained approximately 
constant. If Smith and Pickering have by chance measured in this 
section, the results obtained might under certain circumstances never- 
theless be exact. Insofar as the method might prove effective in the 
future, it would have to be judged more as an experimental procedure 
for determining Vn than as a method with a sound theoretical basis. In 

his later work, Smith tends toward this view 
himself. 

A further factor that can fundamentally 
affect the burner method is what takes place 
at the tip and on the rim. At the tip (c/. page 
79), the combustion velocity can be greater 
than normal ; in the proximity of the mouth 
of the burner, it is certainly loss because of 
the cooling effect of the burner ; in the immedi- 
ate proximity of the tube it is even zero. 
One will therefore be measuring, in general, 
an average combustion velocity, if it is 
measured from the burning surface and the 
volume of gas streaming through per second. 
The average vc^locity need not be identical 
with the normal (5()ml)ustion velocity. Prob- 
ably it is somewhat hjss than the latter. It 
is clear from the start that the greater the 
diameter of the burner, the less will be the 
effect of possible disturbances; for the burn- 
ing surface increases with the square of the diameter of the burner, 
whereas the ring of disturbed combustion velocity adhering to the 
rim increases with only the first power of the radius. If we use the 
angular measurement of Smith and Pickering for measuring, we are 
working at a fixed distance from tlie rim, and it is possible that the effect 
of cooling as well as that caused by an induced mixing of secondary air 
is smaller here than it would be for the entire burning surface, inclusive 
of the rim. In Table 12, taken from Smith, results are shown as obtained 
from three different gas and air mixtures (air-lean, excess air, and a 
mixture of maximum combustion velocity) with four different burner 
diameters. In addition, Vn was computed in each case both for the 
angle r = 0.7ro and for the extent of the entire burning surface. 

Thus the following is clear: There are considerable discrepancies 
between the values for Vn computed according to Gouy (from the entire 
surface) and those according to Smith and Pickering. To be sure, these 



Fig. 65. — At r = 0.7 ro 
(right) tho burning surface has 
the same inclination tJ as a cone 
at a constant flow over the cross 
section of the tube. {From 
Smith and Pickering.) 
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discrepancies decrease in each case as the radius of the burner increases. 
However, in column A , the change of in respect to the radius is smaller 
for the value computed according to Gouy than for that computed 
according to Smith and Pickering. In the two following columns, 
the case is reversed. Furthermore, in column .4, the combustion velocity 
decreases as the radius of the burner increases. These results can be 
understood very well on the basis of influences already recognized by 


Table 12. — Normai. Combustion Velocity for Three Different Gas and Air 
Mixtures and Different Burner Radii. Computed from the Inclination of 
THE Burning Surface at r = O.Tro and from the Toi'al Burning 
Surface (From Smith) 


Diameter of 
the burner 

Normal combustion velocity, cm /see 

From the inclination 
at 0.7ro (from Smith 
and Pickering) 

From the volume of 
flow per sec: flame 
surface (Gouy) 

Series A. Air Deficiency 

2.75 

4.45 

6.50 

9.60 

27.9 

24.2 

17.4 

14.4 

18.5 

16.8 

15.1 

13.8 

Series B. 

Mixture of Maximum Combustion Velocity 

2.75 

47.2 

29.0 

4.45 

53.5 

38.0 

6.50 

53.4 

43.8 

9.60 

63.6 

47.7 

Scries C. Excess of Air 

2.75 

45.8 

30.7 

4.45 

48.2 

35.9 

6.50 

48.7 

41.3 

9.00 

48.1 

43.6 


Ubbelohde. When air is absent, the greatest disturbing factor is the 
induced mixing of secondary air, which increases the combustion velocity 
considerably. Since, according to Gouy, the entire combustion surface is 
used, and, according to Smith and Pickering, only a portion is situated 
in the outer third, the disturbed portion contributes more to the total 
result in the latter case than in the former. In Cases B and C, an 
influence of the induced air could also be present, but it can only cause a 
lessening of the combustion velocity. In addition, according to Gouy, 
the cooling effect of the rim of the burner should be taken into account 
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in the computations, but this factor need not necessarily be of impor- 
tance, according to Pickering and Smith, as has already been discussed. 
Moreover, systematic errors may have been introduced into the values 
obtained by Smith and Pi(‘kermg, owing to the unfounded assumption 
regarding the condition o 1 flow. To be sure, Smith mentions that the 
numbers thus comput('d agree with the results of Stevens. That speaks 
for their reliability but is not an absolute proof, since it is conceivable 
that the Stevens method yic^lded values that were too high because of a 

certain waviness of the burning 


surface'. 

Fordc 
(‘ould })e 
w orks of 


determining Vn, the following 
)e deduc(‘d from the older 


^ / \ / \ works of I l)])(‘l()lide: One should 

^ \ / \ / ' not work with too small a burner 

dianiet( r and oiu' should perhaps 
use a split-flame tul)(‘, especially 

A A with rich mixtures. For practical 
purposes, however, the effective 
combustion V('l ()(*it ies of small 
burners can be of significance In 
that case, it is exactly the observa- 

AA tions given abov^e which are of 
importance'. It is of intere'st to call 
to mind thc' forms of the burning 
275 445 650 960 suifac^'' (Figs. 06 and () 7 ). I'igure 

i,„ (,(. - of I’lioloKiuphs of the 

foi \.inoijs i)iini( 1 (h mioti IS (nun) M)o\e, bumiug sui face^ foi the three col- 

ihs ^1, all dofuKMiCN Middlo, seiios li, i i) ^ n t \ ^ 

,„.xtuu.. of nutMoouM velo<.t^ itciuw, umu^ A , B , tind C III otich Column, 
series^ lit \F)om Smith, ( h< ni temix'i at ure, pu'ssii re. Composition, 

A(1),a() 1 ^1 (n)W)] \elo(*ity of flovx are kept con- 

stant. Figure 07 is better suited foi* purposes of comparison. Here all 
burning surfaces are so enlaiged that the diameters of th(' burners appear 
equally huge. Tliese are diawn in accoidmg to their size and position 
(burner mouth). By this nu'ans, it is easv^ to recognize the relative posi- 
tion of the individual burning surface with respect to the mouth of the 
burner and the considerable widening of the base of the burning surface in 
relation to the moutli of the burner in burners with small diameters. From 
this (as well as from the older works of Idibelohde), it is clear that the 
influence of secondary air added by induction is important. 

The normal velocity of combustion is influencc'd relatively little by 
external factors like pressure and temperature. For example, Ubbelohde 

' Cf also huBKiiOHDE and Dommer, as well as Ubbelohde and Koelliker, quoted 


1 K, ()f) lofiiis of Ijiniuiifr “coiio” 
foi \ .moils 1)111 fi( 1 di miot 1 1 s (iiun) M)o\ e, 
ihs ^1, all dofuUMiCN Middle, sei los li, 
Jiiixtuies of iiiaMumin volodtv Bi low, 
senos ( t\<f -s of 111 \F)orn Smith, (him 
Hid , Aol J\ (B)57) ] 
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and Hofsass^ found that,, in carbon monoxide and air mixtures, a rise 
in temperature of 100° caused an increase in the velocity of combustion 
of 5 to 6 cm/scc. By preheating of 20° to 460°, Vn rose from 42 to 85 
cm/sec. In mixtures of methane and air, 20°C yielded 31 and 430°C 
yielded 64 cm/sec. 

Sachsse- finds for methane, ethane, and propane in mixture with 
oxygen a temperature dependence of the same order of magnitude. 

The relatively small increase in combustion velocity with a rise in 
temperature has the following importance for the practical operation 
of a burner: If the combustion tube and thus the fresli gas are heated, 
the velocity of the fresh gas, because of volume expansion, increases 



2,75 5,50 S,5Jnm 


'A A A A 

2,75 ^50 0,50vm 



2,75 W 6,50 


Fig. 67. — As in Fig. 00, from top to l)oftom, .scriv's A, B, C. llowovor, for purposes of 
comparison the i)ictures with various buriHu- fnamoters are so crilargcHl that the latter 
api)car tlie same for all. I’o.sition and size of the mouth of the burner are indicated by 
horizontal lines. [From F.A. Smith, Chern. Ftcv., vol. 21 (1927).] 

more rapidly than v^. As a result, the originally stable flame is, with 
rising temperature, finally blown away from the burner and docs not 
'^pop'^ (c/. Smith, cited page 83). In mixtures ric.h in oxygen and in 
burners that normally work at high temperatures, the situation can 
change. 

Increase in pressure frequently decreases the normal velocity of 
combustion, at least as far as it is possible to draw conclusions from 
the measurements made thus far. Ubbelohde and Koellikor (cited page 
72), for example, find that, in carbon monoxide and air mixtures of maxi- 
mum combustion velocity, the combustion velocity Vn decreases from 42 to 
24 cm/sec when the pressure is increased from 1 to 4 atm. In methane 
and air mixtures, a rise in pressure from 1 to 4 atm caused a 50 per cent 

^ Ubbelohde, L., and M. Hofsass, Gas- u. Wasserfach^ 66, 1225, 1253 (1913). 

*Sachsse, H., Z. physik. Chem.y Sec. A, 180, 305 (1937). 
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decrease in combustion velocity. Acetylene and air were qualitatively 
the same. In benzol and benzene, Vn decreased only very slowly with 
the pressure. In hydrogen and air, the results were contradictory. 
With a burner radius of 0.95 mm, Vn increased considerably with the 
pressure; at 2 mm radius, Vn is about constant. Whether Vn would 
decrease with the pressure under smooth flow conditions is hard to 
predict. 

Khitrin^ has recently investigated the influence of the pressure 
on the velocity of combustion. He used the burner method as well as 

Stevenses soap-bubble method (the soap 
bubble was prepared on the inside of a 0.5 
cu m pressure vessel). The results were as 
follows (in essential agreement with Ub- 
belohdc) : In fuel and air mixtures, the linear 
combustion velocity decreases with increased 
pressure. But, since it decreases less than 
1/p, the converted mass, in other words, the 
'^mass conversion velocity,'^ increases never- 
theless with increasing pressure, as 

m — K\ \/p + K 2 

In carbon monoxide-air mixtures, Vn de- 
creased about 30 per cent wdth an increase 
of pressure from 1 to 3 atm. In carbon 
monoxide-oxygen mixtures on the other hand, 
Vn was, as in the experiments of Stevens, ^ 
independent of the pressure. Results analogous to those obtained for 
carbon monoxide and air were also obtained by Khitrin for benzol-air 
and ethyl ether-air ac.cording to the burner method. Flame velocities 
at low pressure appear hardly to have been investigated,*^ except for 
carbon monoxide and air (Ubbelohde). A maximum combustion 
velocity results at a pressure of 330 mm Hg with about 60 cm/sec. 
After that drops again with further decreasing pressure (Fig. 68). 
Apparently the factor of reaction velocity, which must have the effect of a 
decrease,^ predominates at very low pressure. 

* Khitrin, L., Tech. Phys. USSRj 3, 926 (1936). Kot.odisew, K., and L. Khitrin, 
Tech. Phys. USSR, 3, 1034 (1936). Cf. also Khitrin, L., Tech. Phys. USSR, 3, 1028 
(1936); 4, 110, 121 (1937). 

» Stevens, F.W., NACA Rept. 372 (1930). 

* Cf. in this connection Garner, W.E., and A. Puqh, Trans. Faraday Soc., 36, 
283 (1939). 

^ G. Ribaud and H. Gaudry, Compt. rend., 206, 1648 (1938), found also for flame 
propagation in tubes, communicating with a large pressure vessel filled with nitrogen 
(for maintaining constant pressure), that with increasing pressure the flame velocity 
decreases. They worked with city gas and propane in the range of 1 to 11 kg/cm*. 


cm/sek 


\ 


Fig. 68. — Dependence of the 
normal combustion velocity on 
the pressure for carbon monox- 
ide and air, as well as acetylene 
(upper curve) and air mixtures. 
(From Ubbelohde and Khitrin.) 
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Vn is independent of the velocity of the fresh gas. If this velocity 
is permitted to be too high, however, and the turbulent region is reached, 
apparent increases in the combustion velocity are noted. This might, 
however, be due to an enlargement of the effective surface (c/. Ubellohde 
and Koelliker, cited page 72). 

We shall return to the effects of the composition of mixtures and 
additions when we discuss the theory of combustion velocities. Because 
of certain practical considerations, we refer the reader to Smith (cited 
page 83). 

6. Propagation of Combustion in Tubes. — We havoi noted that there 
is probably not a single case in which the propagation of a flame is 



Fio. 69 . — Photograi)hi(* Hanic I’CMrording. a, .sketrli of tho uppaiatu.s. h, j)hoto. {From 

Mallard and Jjc ChatcHer.) 

determined solely by tho normal combustion velocity, lo be sure, 
it is possible to determine Vn from the size or tho inclination of the static 
burning surface in the inner cone of a Bunsen flame, but tho burning 
surface becomes static and takes on its characteristic form only through 
the joint effect of flow and combustion. In the “constant-pressure 
bomb’^ of Stevens, i.e.j in the soap-bubble method, the flame, it is true, 
spreads out in such a way that it is possible to compute Vn directly from 
it. But, again, the progress of the flame not only is given by v» but is 
also determined by the expansion of the burned gases, in other words, 
by a flow process which in this case only (because of spherical symmetry 
and constant pressure) happens to be so simple that it can easily be 
computed. 

All this is changed as soon as one proceeds to combustion chambers of a 
different type. We shall consider only open chambers in this chapter, 
because we want to operate, at least for the present, with practically 
constant pressure. The method most commonly employed for deter- 
mining flame velocities is the photographic procedure introduced by 
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Mallard and Le Chatelicr^ (Fig. 69). The tube in which the flame travels 
is thrown on a film by means of a photographic lens. The film is on a 
drum rot ating at a known rate of speed. The flame image thus obtained 
is schematically represented by Fig. 696. The angle a of inclination 
which the path of the flame front forms with the direction of the film 
movement bears, at any point, the following relation to the velocity of 

the film v\ and the velocity of the 
flame image on the film v^: 

tan a = — 

Sin(‘e Vi U known and a can be 
measured directly on the negative, 
V 2 is easily computed. In order to 
convert the velocity of the flame 
image to the flame itself, it is neces- 
sary to know the scak* of the optical 
eiiuipmeiit used. The simplest and 
most exa(‘t method for this is to put 
two or more dark marks on the 
flame tube (Fig. 69), wliich iii some 
instances are already pr(\sent in the 
construction of the tube {e.g,, a 
mot.J tube A\ith windows), or by 
the holder (in the case of glass 
tubes). These mai-ks then form on 
the negative as two blight stripes 
parallel to the movement of the 
film. V 2 is then to be enlarged in 
the ratio distance of the marks on 
the tube dividend by the distance of 
the marks on the flame image. Original photographs by Mallard and Le 
Chatelier are reproduced in Chap. V. By way of explanation, two typical 
flame pictures arc reproduced here (Figs. 70 and 71), of which the first 
shows a completely uniform movement and the second a movement with 
marked oscillations. In the latter, however, the movement in the center 
is still approximately uniform. The stnicf ure of the flame front becomes 
somewhat clear if snapshots are made of it. Since the position of the 
flame front constantly changes during the progress of the flame, an entire 
series of snapshots can be made, one after another, on the same fixed 
plate. Ellis^ in particular has made extremely instructive flame pictures 

' Mallard and Le ('iiatelier, Ann. mines (4), 8, 274-618 (1883). 

* Cf. in this connection Ellis, O.C. db C., and W.A. Kibkby, “Flame," Methuen, 




Fig. 70 — Phoiopii 111)11^ of a unifoim 
flame Tio\('tuont [Fiotti Maxwell attd 
Wheeler, Tin ^(unc< of PcUoUam, vol. IV, 
Oxfoid (19oS) J 
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in this manner by fixing a rotating disk at a known velocity before the 
objective of a camera. Through slits in this disk, he regulated the 
illumination for the individual pictures. Similar pictures by H. Schulze 
made for closed vessels with Thun’s high-speed camera are reproduced 
in the following chapter. We shall return later to evperiments by 
Coward and Hartwell which were made by the same method. It is 
particularly clear from these photographs that the burning surface of 



Fig. 71. — Flume luovoment with ov’^erlappiuK oseillutions. {From Bruc-Toiriicnd, Flame 

and Combustion.) 

flames in tubes is never a plane and that as a result the flame velocity 
can never be given liy Vn. In th(‘ following, v c shall consider qualita- 
tively what kind of (ainxmts should be studied. W(^ shall particularly 
see that, also in the appariuitly static fi‘esh gas before the flame front, 
curixmts must occur, sin(M‘ ot.h(n’wis(^ an imevtui burning surface could 
not be static at all. As we shall s(H', no case can lie cited (except in the 
splierical-symmetrical case to which also belongs the unimportant border- 
line cas(^ of an infinitely exlendi^d gas mass with a plane burning surface) 
in whicli the form of the burning sin*fa<^c would not be esscaitially modified 
by gas currents. 

One might at first expo(*t that in 
a cylindrical tube a plane burning 
surface perpendicular to the axis of 
the tube could be stable, as in Fig. 

72. This burning surface would have to move forward with the normal 
combustion velocity relative to the unburned gas. At first, a certain 
flow must always be present on account of the expansion of the burned 
gas (cooling by radiation and conduction to the outside should be dis- 
regarded at first). This flow will lie relatively easy to observe if, 
according to Fig. 72, we assume a modeiati^ly long tulio closed at one 
end and ignited at the other. This is the standard mi'.thod for deter- 
mining the uniform flame velocity. Then the fresh gas would remain 

London, 1936. Ellis and Robinsok, J. Chem. Soc.^ 1925, p. 760. Ellis and 
Wheeler, J. Chem. Soc., 1925, p. 764; 1927, p. 310; 1928, p. 3215; 1931, p. 2467. 
Ellis, Fuel, 7, 195, 245, 300, 336, 408, 449, 502, 526 (1928) ; Phot. J., 67, 349 (1927); 
72, 380 (1932); 74, 404 (1934); 75, 482 (1935). 
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practically static, and the burned gases would flow off to the left. We 
shall assume that the conditions for laminar flow are fulfilled for the 
burned gas.^ In that case, a parabolic velocity distribution would 
exist over the cross section of the tube, and in the absence of slipping 
the immediate edge zone would contribute very little to oblique flow. 
In any case, more gas will flow through a cross section close to the center 
of the tube than in one of the same area close to the edge. On the other 
hand, assuming a plane burning surface, the same amount of gas per 
unit of square surface will be converted everywhere. Thus, in general, 

) 

Fiq. 73. — Discharge of the burned gases with flame progressing in a tube open at one end. 

a flow as represented in Fig. 73 would qualitatively result; i.e.y the current 
coming from the burning surface would have to converge toward the 
center of the tube. It is not self-evident to assume a plane burning 
surface; one could also imagine that the burning surface might approxi- 
mate the dashed curve in Fig. 73. 

The experiments actually show that the flame front is approximately 
semispherical during the stage of uniform flame velocity. To be sure, 
the conditions (cf. Coward and Hartwell, cited page 97) are still too much 

idealized, since, especially in horizon- 
tal tubes, added asymmetrical distor- 
tions appear as the result of gravity.® 
Let us assume a semispherical 
burning surface as the approximate 
result of the experiments. If a plane 
burning surface could have been static, 
it would have shifted exactly with the 
normal combustion velocity (confining disturbances are to be disregarded 
for the present). If, then, Tq is the radius of the tube, the quantity of 
fresh gas irrlvn would be conver ted per unit of time. In the case of a semi- 
spherical burning surface, the gas quantity 2'KrlVn would be converted in 
the same time. Tlie burning surface assumed as static must thus move 
toward the fresh gas with the velocity 2vn, which is possible only with the 
assistance of a circulation in front of the flame front. How that takes 
place will have to be taken up in greater detail later. First it is clear, on 

^ An even, smooth, burning surface could in no way be assumed for turbulent flow. 

* In this discussion, we shall for the time being disregard the effects of gravity. 
These also cause differences in the flame velocity depending on the position of the 
tube (horizontal or vertical) and the direction of the flame movement in the vertical 
tube (upward or downward). 



Fig. 74. — Progroswian velocity Vj. of a 
burning surface inclined toward tlie axis 
of the tube (?’n, normal combustion 
velocity) . 
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the basis of what has been said, that the resulting propagation velocity in 
the direction of the tube axis Vr (still excluding flow, of course, and for an 
element of the burning surface whose normal is directed to the fresh gas 
with the direction of Vr and includes the angle a) is given by (Fig. 74) 

Vn 

— = cos a Vr — 

Vr COS a 

Everywhere, therefore, where the burning surface is not perpendicular to 
the tube axis, Vr > Vn] ot — 0 only in the axis, and tlie flame velocity 
equals Vn* The result would therefore be a rush forward of the retarded 
rim portions until finally the burning surface would have changed over 
into a plane with a resulting propagation velocity equal everywhere. 
It should be noted that this is true only if all flow is excluded. If a plane 
burning surface cannot be stable and if, on the other hand, a distorted 
burning surface would be compelled to change over into a plane perpen- 
dicular to the axis of the tube (no flow being present in the fresh gas), 
it would follow that currents must exist also in the fresh gas. We shall 
attempt to visualize these currents. 

In itself the problem should, of course, be stated in reverse. The 
condition of flow and the form of the burning surface are to be obtained 
from the given normal combustion velocity and the hydrodynamic laws 
for flow. Remarkably (uiough, the problem does not yet appear to have 
been treated in this form in tlu; literature of the field. We shall therefore 
dispense with a more exac^t treatment and (jontent ourselves with gaining 
an insight into the flow conditions, assuming a plausible form of the 
burning surface. To be sure, we shall sec even here that — at any rate 
if we assume a constant combustion velocity everywhere — a semi- 
spherical burning surface cannot be stationary; for, with a semispherical 
burning surface, a at the rim would he equal to 7r/2, in other words 
Vr = 00 . The resulting infinite propagation velocity would have to 
l:)e compensated for by a similarly infinitely rapid flow of the fresh gas 
in the opposite direction,^ which is absurd. Therefore only one burning 
surface cutting the tube wall at an acute angle can be stable at constant 
normal combustion velocity.^ As the simplest surface meeting this 
requirement, let us take the paraboloid of revolution which has the same 
height as the hemisphere and therefore also a similar surface (Fig. 75), 
i.e.y the paraboloid 



Since the paraboloid surface is 1.86 times that of the tube cross section, 

^ The conditions change if we take the cooling effect of thp wall into consideration. 
Then this difficulty disposes of itself, but other difficulties, from which we wish to free 
ourselves for the present discussion, remain at the rim. 
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the flame velocity must be 1.86 times the normal velocity of combustion. 
In the tube center (Fig. 75), where the burning surface is perpendicular 
to the tube axis, the resulting combustion velocity must be the value v„; 
therefore an added forward flow, (1.86 — !)(>„ = 0.86y„, must be present 
in the fresh gas in order to obtain the effective flame velocity e„„ = 1.86. 
To the same degree, progressing from the tube axis, the resulting com- 
bustion velocity, e, = v„/cos a, increases until a point is finally reached 
where Vr = = 1.86j>», cos a = 1/1.86. Here, then, the flow compo- 

nent in the direction of the tube axis is equal to zero. Still farther 
outward, a, > v,n; here a flow against the flame front exists rvhich again 
makes the effective flame velocity uniformly ecjual to y,.tr = 1.86i>„. This' 
flow conducts the necessary fresh gas to the “wedge” at the rim in order 

T" 

Fig. 75. — Idealized form of the burniiiK Fig. 70. — ,\xial flow components in 

surface (of paraboloid rotation). the fresh gas in front of the (idealized) 

burning surface. 

to hold the burning surface static in its form. Thus the flow velocity 
remains finite at the rim also, namely, t^n/cos a = 1.8Gt>n. In general, 
the schematic draAving of Fig. 76 shows what occurs in the fresh gas. 
Here the axial flow components of the fresh gas are drawn in immediately 
before the flame front, ^ 

If E is the expansion ratio during combustion, the burned gases after 
passing through the burning siirfac(^ attain a relative velocity perpen- 
dicular to the surface (c/. page 67) 

i) = -{E - ])Vn* 

Since this velocity component is directed perpendicular to the burning 
surface, the direction of flow can penetrate the burning surface con- 

* The value 1 .86 is naturally connected with the sfdected illustration. It is gener- 
ally noted that Voff is at least about 2a„. 

At any rate, attention is called to the fact that a flow like that pictured in Fig. 76 
according to Hettner, Ergcb. exakt. N^atnnv., 7 (1928), is obtained as the result of 
thermal slip according to Knudsen. If one inserts the values of the temperature drop 
valid for the burning zone (10®°C/crn) into Hettner^s formulas, one obtains at the wall 
of the tube a flow of 10^ cm /sec directed against the hot gas. Unfortunately, in 
the case of flames, the transition layer toward the cold wall complicates the problem 
to such an extent that it is not even certain whether the effect can stand qualitatively. 
Nevertheless we call attention to the.se phenomena. 

* We use the minus sign because the direction of v is the opposite from that of Vr. 
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stantly only if it is vertical to the latter. Insofar, however, as the fresh 
gas flows against the burning surface at a certain angle, this direction 
is changed in the burning surface (exactly as in c )mbustion in the Bunsen 
burner). The value of the velocity naturally changes irregularly in any 
case by passing through the burning surface. Whate\ er can be said 
qualitatively about flow conditions on the basis of the foregoing is 
graphically presented in Fig. 77a, /), c. From the foregoing, it is also 
immediately clear that it makes a difference if the velocity of the progress 



a 



Fig. 77. — I'low witli flame pmpaKatioii in ii tube, a, in reference to the burning Bur- 
face. h, in reference to tlie tube, v, flow inli^rpreted as overlai>ping of almost axial flow 
and of an eddy at tlio burning surfa<*e. 



of the flame toward the static fresh gas in the tube is measured or if 
tlie flame is made static by a suitable counterflow ot the fi'csh gas. The 
velocity distribution in tub(^ is thus different from that prevailing 
in tlie static fix'sh gas; thereliy the flame front must take on a different 
form and surface, and thus the elfcnflive flame velocity is changed. 

If we considfTcd the cooling effecd. of the wall that would result in a 
lowering of the noiTual (uimtuislion velocity (not yet investigated in 
detail), the form of the burning surface toward the rim would be essen- 
tially different from tlie parabola in the sketch. If the normal combus- 
tion velocity at the rim approaches zero, cos a would have to approach 
zero in the immediate proximity of the rim in 
order that Vr = Vn/cos a Avould remain finite, and 
one would obtain a “curling in’^ at the rim, 
which observation seems to confirm (Fig. 78), 
where the flame ceases some distance from the 
rim. 

Examples showing the form of burning surfaces actually observed 
are shown in Fig. 79. One can also attempt, as Coward and Hartwell 
have,^ to compute the size of the flame surfaces in a tube from the 
photographs by assuming a simple geometric form, e.g., an ellipsoid 
(as the result of gravity, no rotational symmetry is present in the hori- 
zontal tube). If one lets the converted gas quantity e(]ual the cross 
section of the tube, 7 rr-, times the observed flame velocity Verf, and as 
likewise equal to the actual burning surface /times the normal combustion 
velocity Vn 

TTTHoM = fVn 

^ Coward, H.F., and F.J. Hartwell, J. Chem. Soc.^ 1932, p. 2676. 


D 

Fig. 78. — Flame form, 
with cooling due to the wall 
taken into account. 


( 25 ) 
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(«) (6) (c) (<J) 

( Bewegunganchtung — diitction of movement Robrdutohmesser = diametei of the tube, Abatand' 
xwLschen zwci \ufnahmen (s) =» interva Ibetwetn two picturos (sec), auf warts = upward, 
abw&rts » downwaid ^ 

Fig. 79. — Flame photographs [From Coward and Hartwell, J Chem, Soc. (1932).] 
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one obtains a relation in which all the entities except Vn are directly 
measured and which therefore makes it possible to compute i^n. In Fig. 
79, we offer photographs by Coward and Hartwell which have been used 
in the manner indicated above. If the diameter of the tube or the flame 
velocity is too large, the method is no longer applicable because the burn- 
ing surface has no simple form but rather becomes irregular, which 
incidentally gives a natural explanation for the rise in flame velocity 
' observed in such cases. We reproduce the results of Coward and 



Fig. 80, — Flame velocities of various methane and air mixtures (% methane) in depen- 
dence on the diameter of tlie tube. [Fro7n Coward and Hartwell^ J. Chem. Soc. (1932) 
p. 1999.1 


Hartwell for a 10 per cent mixture of methane and air in Table 13. It 
is clear that, from flame velocities that vary considerably (about 1:2) 
with the diameter of the tube, position of the tube, and direction of 
motion of the flame, combustion velocities can be computed that deviate 
by only a few per cent from the average, which in its turn is in tolerable 
agreement with values obtained from the burner method. One sees, 
by the way, that the flame velocity in tubes is always at least double 
the normal combustion velocity. 

The flame velocity generally increases with increased tube diameter, 
as can be seen from Table 13. Systematic results, likewise from Coward 
and Hartwell, are given in Fig. 80. 
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Table 13. — Flame Velocities op a 10 Peb Cent Mixture of Methane-air in 
Tubes of Various Diameters. Also Combustion Velocities Computed 
from Them (From Coward and Hartwell) 


Diameter 
of tube, cm 

Flame | 

movement 

Axial flame 

Flarno 
surfa(*c, cm 2 

Normal combustion 

velocity, 

Votf cm /sett 

velocity accoiding 
to Kq. (25), cm /sec 

10 

Horizontal 

ni 

300 

29 

10 

Horizontal 

71 

189 

29 

5 

Horizontal 

92 

00 

27 

5 

Horizontal 

(31.5 

48.5 

25 

2.5 

Horizontal 

71.5 

12.0 

28 

2 5 

Horizontal 

03 

11.0 

28 

2,5 

Horizontal 

59 

10.4 

28 

2.5 

Upward 

08 

48 

28 

2.5 

Upward 

92.5 

60.5 

27 

2.5 

Downward 

01 

40 

20 

2.5 

Downward 

58 

63.5 

20 


If the diameter of the tube is decreased still further, the flame velocity 
decreases more and more until, at a finite, small diameter (generally 
of the order of magnitude 1 mm), a flame does not propagate at all. 
Qualitatively the effect can be readily understood. As the result of 
heat loss to the Avail, the combustion velocity must decn^ase toward 
the rim, and in the immediate proximity of the wall it Avill be practically 
zero. We have seen above (page 97) that in larger tubes the flame 
can curl inward at the rim. The practical result is that a certain layer 
adjacent to the Avail is not reached by the flame at all (whicfli does not 
mean, of course, that this port ion of the gas is not burned. The influence 
of diffusion alone Avould (anise it to mix Avith the burning gases behind 
the flame front where it Avould be subject to r(‘action). If one now 
imagines a tube in Avhich thiu'e is a narrow annular i)OT‘tion untouched 
by the flame, and if one imagines this tube becoming smaller and smaller, 
then the ring must finally occupy the entire ci’oss section of tlie tube 
Avithout leaving any space for the flame surface; ^.c., a flame can no 
longer propagate in the narroAv tube. One could noAv assume that the 
minimum diameter of a tube through whicdi a flame Avoidd still be 
propagated Avould depend considerably on the material of the tube AA^all 
because of varying conductivity. This is, hoAvevor, not the case.^ The 
minimum diameter of a tube in Avhich a flame is still able to propagate was 
found, within limits of error of 2.5 per cent, to be the same for glass and 
copper, although the heat conductivities are in the relation of 1 : 460. 

Numerical values for diameter limits (Fig. 81) according to Holm are 
given for methane and air. They amount to several millimeters. For 

1 Holm, J.M., Phil . Mag., 14, 18 (1932); 16, 329 (1933). 
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illuminating gas, the values are lower, and they are still lower for 
hydrogen.^ ^ 

If one gives the matter more thought, this is not at all surprising; 
for the heat capacity, as well as the conductivity, of the wall material 
is always — but especially in tubes of narrow inside width, with which we 
are especially concerned here — relatively great in comparison with that 
of the burning gases. Moreover, since heat conduction comes into play 
only in the short time during wliich 
the burning zone passes by a point, 
the wall will never bo very much 
heated. As a result, thermal capac- 
ity and conductivity of the wall can 
play only a subordinate role in influ- 
encing the flame, "rhereforo the 
following situation prc'sents itself: 

The flame has at first a s(‘mispherical 
form and does not itscilf come in 
contact AN'ith the wall anywhere. 

Tlie j'atio of the heat prodiiC(Ml within 
this hemisphere by combustion to 
the heat flow permeating the surface 
of the hemisphere grows less favora- 
ble the smaller the radius of the 
sphere be(‘omes; the flame will there- 
fore be extinguished bcilow a certain 
radius. In this form, the problem 
has be(ui stated by Holm (cited page 
100), who emphasize.s on the one 
hand th(^ analogy with spark ignition 
as long as the latter is regarded as a thermal phenonKUion (c/. page 
49), and on the other hand points out that in reality the flame is 
cooled off not; by the Avail itself at all but by tlie fresh gas in front of it. 
The w^all meniy d(ie]*mines tlu^ siz(^ and form of the burning surface as 
Avell as the tcmipeiatine of the fiesh gas. Occasional observations on 
differences in the v(4ocity of flames in tubes of vaiious materials are 
probably to be evaluated differentlj^ The condition of the wall (let 
us say, a rough, oxidized metal surface as opposed to a smooth glass wall) 
influences the condition of flow of the gas and hence indirectly the flame 

^ Studies on ignition penetrating through narrow slits with respect to the use of 
electrical apparatus in industries endangeied by explosion were made by D. Miiller- 
Hillebrand, Elektroiech, Z., 69, 1116 (1938). In methane, a slit length of 25 mm with 
a width of 1.15 mm was still safe, w^hereas in acetylene a reduction to 0.02 had to be 
reached. In general, it should be borne in mind that the greater the movements of 
the gas as a whole the more readily will a flame penetrate a narrow tube or slit. 



((ironzdun’.liMK'ssor — diamoior limit) 

Ft(U 81. — DiMUietor limit for niotliaue 
atul air mixtures below which flames no 
longer propagates a, hole in copper foil. 
h, eoi>por tulxs c, (^op])er foil (other 
method). [Fr'om Jlobn, Phil. Muff. (7), 
vol. 14 (1982).] 
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velocity. In Table 14, taken from Bone (‘‘Flame and Combustion 
we give a compilation of values for the flame velocity of methane-air 
mixtures in four tubes, according to experiments by Parker and Rhead. 
The small differences appearing in the flame velocities in glass, lead, 
copper, and iron tubes can largely be regarded as the result of the differ- 
ences in the diameters. At any rate, there is no valid reason for thinking 
of the flame velocity as being influenced by the thermal capacity and 
conductivity of the wall. 


Table 14. — Flame Velocities (in Cm /Sec) of Micthane and Air Mixtures in 
Four Different Tubes, According to Parker and Rhead (From Bone) 


% 

methane | 

Glass tube 
2.65 cm diam 

Lead tube 
2.64 cm diam 

Copper tube 
2.2 cm diam 

Iron tube 
2.72 cm diam 

5.99 

21.7 

19.4 

18.3 

21.2 

6.83 

33.4 

32.5 ! 

32.7 

34.1 

7.6 

45.6 

43.5 

42.4 

43.8 

7.95 

48.6 

48.2 

45.2 


8.94 

63.66 

58.7 

59.4 

63.3 

10.0 

69.8 

65.0 

63.2 

67.3 

10.98 

61.1 

53.9 

54.1 

57.5 

11.3 

53.3 

45.4 

47.7 

50.6 

11.74 

36.9 

35.2 

34.5 

36.1 


One could now ask how these facts can be brought into harmony 
with the fact that, since Davy, a wire netting' of high conductivity 
has been used to prcjvcnt penetration by a flame. In this case, the con- 
ductivity of the material plays a decisive role. It must be borne in 
mind that one is dealing here with two different problems. In the case 
of Davy’s wire net.ting, the flame burns stati(;ally aliove the netting. 
If the wire netting did not conduct any heat, it would in time certainly 
be heated to the ignition temperature of the gas, and the flame could go 
through. In the case of a flame progressing in a tube or a flame that is 
extinguished because tlie diameter of the tube is too small, the flame 
is at all times only briefly in contact with each clement of the tube. It 
is different if one makes the flame stationary by letting the gas flow 
counter to the flame travel. In that case, the tube can heat up more at 
the location of the flame, and thermal conductivity must play an essential 
role. 

Several more quantitative estimates of the above statements will 
be made later in connection with the theory of combustion velocity. 

From the general observation that, except in very narrow tubes, 
the flame velocity never remains stationary (cf. page 162) for long 

' Davy, H., Ueber die Sicherhcitslampe, Ostwalds Klassiker 242. The problem of 
thermal conductivity in Davy’s wire netting has been treated by Mache (cited p. 70). 
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distances (i.c., several meters), it can be concluded that the flame propaga- 
tion hitherto discussed cannot be absolutely stable. On the other 
hand, it is remarkable that, for the initial stage, assuming that certain 
precautions are taken, flame velocities can be obtained which can be 
reproduced easily. This and the fact that flame pictures like those in 
Fig. 71, page 93, can be obtained in which the flame vibrates for reasons 
not yet known in detail but in which, even during the stage of vibration, 
the average flame velocity remains the same as in the preceding stage 
of uniform motion — these facts speak for the stability of the flame move- 
ment with sufliciently small disturbances. To be sure, in the case of 
vibrations of gre.‘)ter amplitude, changes of flame velocity arc always 
present, and sometimes these changes are quite consideral)](\ 

In the transition from a stage of uniform flame velocity, t lie re is often 
a range of vibrations. Why the vibrations set in and \u>\v they arise 


t: 


L H 
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A’crbraTint = hurnod \ 
v.Frischgua — fr«5sh giia/ 

Fig. 82. 


seems not to have been studied as yet; only data on tlioir characteristic 
frequency are available. At any rate, it se(;ms that, in a gas that is in 
a tube and is ignited at the open end, the vibi*ations begin most readily 
and are of the greatest amplitude, if a mixture with ex(5ess fuel is present 
which mixes with the secondary air when leaving the tube and continues 
to burn. It is quite likely that the reaction of this secondary combustion 
causes the vibrations and amplifies them. 

If, as is reasonable, the vibration stage is regarded as the usual 
motion of the flame, to which is added the vibration of the gas mass 
as a whole, it is simply a matter (Fig. 82) of computing the characteristic 
frequencies of a column of gas in a tube open at one end, the gas consisting 
partly of fresh gas and partly of burned gas. This is nothing more than 
the problem of the open tube except that the ccjlumn of air (consists of 
two layers that have different chemical compositions, temperatures, 
densities, and therefore also different adialiatic compressibilities.^ It 
will be expected in advance — and the computations confirm this — that 
the frequencies lie between those valid for the pure fresh gas and those 
of the pure exhaust gases. 

Referring to Fig. 82, let ^ bo the displacement of a particle in the a:-direction. We 
thus get the differential equation^ 

^Cf. also Ellis and Kirkby, “Flame.” Lels, C.H., Proc. Phys. Soc. London, 
41 , 204 (1929). 

* Cf. textbooks in physics. 
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(26) 

at> ‘ a®* ’ e(» ’ a®* 

in which the subscripts 1 and 2 designate the burned and the unburned gas, respec- 
tively, and c is the velocity of sound applying. Also the following comes into 
consideration: 




in which p is the pressure, p the density, k the relation of the specific heats ( = Cp/Cv), 
and the subscripts 1 and 2 have the same meaning as above. 

Furthermore, the following boundary conditions must be fulfilled: At the right, 
or closed, end of the tube, for a; = L there must be a node, i.c., the displacements of 
the gas particles must be 0 there; in other words or b == 0. Conversely, maximum 
amplitude must be present at the left open end; i.e,, the displacement must take place 
there entirely unhindered.^ Here the outer atmo.spheric pressure prevails as a 
constant, and d^/dx = 0. We thus formulate both boundary conditions 


^2 = 0 


for X = L 
for a: ~ 0 


A particular integral that fulfills both the differential equation and each of the two 
boundary conditions is 

2TrPX / 

= Ui cos cos XTTPt 

Cl 

^2 = 02 sin — ^ — — cos 211 pt (29) 

C2 

Of this, automatically fulfills the boundary condition at the left end, ^2 that at the 
right end. If the tube is entirely filled with fresh gas at 2 or with burned gas at 1, 
the boundary conditions must first be fulfilled; if we designate the frequencies 
appearing in these two cases with Pi and P 2 y the following holds : 2 


$ 1=0 


for X = L 
ior X — 0 


From this follows 


That is 


2Trv\h ^ 
cos == 0 

Cl 

2TrP2L - 

cos = 0 

C2 


Cl = 4i'iL C 2 = 4»'2L 


^ In the analogous computations for tube vibrations, it is shown that a certain 
correction is to be made which takes care of the transition from the tube into free 
space. Cf.j for example, ^‘Handbuch der Physik,” Vol. 8. We shall disregard these 
details. 

* That harmonics also appear will be disregarded here. The appearance of 
harmonics can be seen especially well in direct shadow pictures of vibrating flames by 
A.G. White, J. Chem. Soc., 1928, p. 1159. 
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Instead of (29), one can also write 

= 02 cos cos 2Trvt ^2 = 02 sin cos 2vvt (33) 

In the place x = 1, displacement components and power components are assumed to 
be equal for both media. That yields 


= ^2 

2 <^2 




for X = J (34) 


therefore 


, , TTvl . irviL — 1) 

. ttpI P2K2(1‘2 '!rv{L — 1 ) 

-TT 2 ..L = -;r -ki- 

If we disregard the difference between pi and p 2 (which i.s very slight in ordinary 
flames), division of (35fo) by (35a) yields the equation for the vibration frequency 


Ki , TTpI K2 . TTpCL — 1) 
— tan „ f = — cot ' y 

Pi ZP\Ij P2 ZP'zIj 


This relation has proved to be sound. The conditions (31) correspond to the 
assumption, by the way, that only the basic tones are stimulated. One can compute 
also for harmonics that are actually stimulated, perhaps the more so, the more inten- 
sive the vibrations. 

The fact that the average flame propagation can be stationary for 
minute disturbances but not in vibrations of great amplitude is qualita- 
tively a relatively simple observation 
(Fig. 83). For small vibrations (Fig. 

83tt), the flame surface will be slightly 
enlarged or reduced in vibrating back 
and forth. It may be, however, that 
as an average the surface of the vibrating flame varies only slightly from 
that of the nonvibrating flame, and that as a result the average propaga- 
tion velocity will also remain about the same. If the flame vibrates in 
large amplitudes (Fig. 836), however, its average surface must always be 
greater than AAdthout vibration. But that means that the propagation 
velocity must also be increased, which leads to an increasing disturbance of 
the originally uniform flame movement, and finally (in addition to inter- 
mediary retardations) to an acceleration that under certain circumstances 
can lead to detonation. We shall see later (Chap. IV, page 144) that 
under special circumstances much more complicated flame forms can 
appear than are shown in Fig. 83. 

6. Theory of Flame Propagation. — In the theoretical treatment of 
flame propagation, the situation resembles that of interpreting the 



a b 

Fig. 83. 
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phenomena of auto-ignition and of spark ignition. We have simply 
assumed as self-evident that it was a matter of pure thermal processes 
and, proceeding from this assumption, have attempted to arrive at 
expressions for the normal velocity of combustion in more or less close 
approximation. Comparison of those expressions with experience (inso- 
far as a comparison is possible considering the incompleteness of the 
theory) shows that, although some facts can be understood on the 
basis of the theory of heat, in others, discrepancies of a fundamental 
nature occur that demand a change in the theoretical foundation. Again 
it is a matter of taking into consideration the participation in the reac- 
tion of active particles, diffusion in general, and free atoms and radicals 
in particular. 

If we nevertheless first briefly discuss the pure theory of heat, we do 
so because it represents a simple borderline case of the more complicated 
general problem, and because Ave can gain an insight into the complex 

phenomenon most easily by considering the 
more simple borderline case. 

The first attempt to establish a theory of 
heat for the normal combustion velocity was 
made by Mallard and Le Chatelior.^ If we 
observe the structure of the burning zone of a 
flame (Fig. 84), the following becomes clear: 
We have given the temperature in the figure 
as the function of the distance along the normal 
to the bu rning surface. The burning zone is as- 
sumed to be stationary at x = 0; that is, we 
think of the fresh gas as flowing with the velocity of Vn in the direction of the 
positive a*-axis. Let the temperature of the fresh gas be To, that of 
the terminal gases Te. As long as Ave use the concept of the ignition 
temperature, as is customary in t he older Avorks, we can assume that at 
a definite place in the burning zone this temperature Tz Avill be reached 
exactly and that the fresh gas to the left of it Avill be heated to Tz by 
conduction, Avhile ilie gas at tlie right of it a\ ill be heated spontaneously 
by chemical reaction and Avill give off heat to tlie fresh gas by conduction. 
As long as aA'O adhere to this conception, Ave can reason further: If c is 
the heat capacity of the fresh gas per cm^ then the quantity of heat neces- 
sary to heat the Vn cm'* of fresh gas that go through the burning surface 
per cm^ and second to the ignition temperature Ts is 



Fig. 84. — Tcniporature clistri 
bution in tlio iMirning zone. 


CV^{Tz - To) (37) 

This quantity of heat is to be produced by conduction. It is reasonable 
to suppose that the temperature decrease at Tz is proportional to the 
1 Mallard and Le Chatelier, Ann. mines^ (8), 4, 274 (1883). 
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, difference T, — T„ so that the heat flow would be 

kiT. - T.) (38) 

in which k, among other things, is proportional to the heat conductivity 
and inversely proportional to the distance in which the temperature 
rises from T, to T,. Equating (37) and (38) leads to 

cr„(r. - r„) = kiT, - T,) or (39) 

This is the expression of Mallard and Le Chatelier. All elaborations 
of this theory of heat go beyond the original statement only in this 
respect, that they introduce the chemical reaction velocity in the region 
above Tz (and generally in a rather approximate and inadequate manner) 
and that the result is that the decrease in temperature is inversely 
proportional to Vn- In place of (38), we therefore get 

k i Tj (3g'\ 


in which k is proportional to a reaction velocity factor as well as to 
conductivity. The coinbination of (37) and (38') results for Vn in 




(39') 


The formulas of Crussard,^ Daniell,^ and Nusselt*'^ can essentially be 
reduced to this form.'^ 

We shall discuss NusseU/s formula in greater detail below and in 
connection with it discuss the possibilities and limits of the theory of 
heat. As questionable as it may be to introduce an ignition temperature 
in this connection, there will certainly be an average temperature below 
which the velocity of the chemical conversion can be disregarded. In 
the region in front of the blaming zone, the heating of the fresh gas 
up to this temperature takes place exclusively by conduction. It is 
possible to treat accurately the conduction problem and tlie distribution 
of temperature in the fn^sh gas flowing into the burning surface if at a 
certain point the constant temperature Tz is maintained.® A tempera- 

^ Crussard, L., Compt. rend., 168, 125, 340 (1914). 

*Daniell, P.J., Proc. Roy. Soc. London, A, 126, 303 (1930)^, 

’‘Nusselt, W., Z. Ver. dent. Ing., 69, 872 (1915). Cf. also Jouet, E., Cornpt. 
rend., 166, 872, 1058 (1913); 179, 454 (1924). Jougitet, E., and L. Crussard, Compt. 
rend., 168, 820 (1919). 

^ For a critical discussion of the theory of heat, cf. also H.F. Coward and W. Pay- 
man, Chem,. Rev., 21, 359 (1937). 

* Michelson, “On the Normal Ignition Velocity of the Oxygen -hydrogen Mix- 
ture,” Moscow, 1890. Cf. also Mache, H., cited p. 70. In Mache, a numerical 
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ture distribution is obtained as it is indicated qualitatively in Fig. 85. 
Mache (cited page 70) has computed this temperature distribution 
numerically for a mixture of H 2 and O 2 with Vn = 130 cm/sec and known 
temperature distribution. From this computation, we can reach an 
estimate of the ‘Hhickness^^ of the burning zone. If we compute the 
distance x beginning at a point at which the temperature begins to rise 
noticeably above To (for example, in Macho's computation, from 

To = 273°C it rose to 280 abs) to the point 
where Tz is reached, we get 

Ax = 10~® cm 

We shall therefore, in lieu of a better esti- 
mate, assume that the thickness of the burn- 
ing zone lies in this range. 

A simple derivation of the Nusselt formula 
for Vn can be found in Eucken.^ First of all, 
Q represents the heat to be conducted to the 
fresh gas [Eq. (37)] 

Q = CVn{Tz - To) (40) 


/\ 


XZL 


Ax- 


Xz X 

Fkj. 85. — Temperature, dis- 
tribution in the fresh gas in 
front of tlie burning zone. 
{From Mache,) 


In place of (38), the formula for the heat flow at x* (Figs. 84 and 85) is 
more generally written 


Q' = X 



(41) 


(the decrease in temperature with positive sign appears here because we 
measure the heat flow in the direction of the negative x-axis). Q must 
again be equal to Q'. An expression for {dT/dx)x=^xz must still be sought, 
however. With considerable simplification, it is assumed that the 
temperature rises linearly from that, in other words, when x = Xe 
the terminal temperature Te is reached. In the same interval, the 
chemical conversion would therefore have to be completed; i.e., the con- 
centration of the reaction products must have risen from f = 0 to 
J* = fe. The concentration decrease of the end products of reaction 
therefore becomes 


dx Xe — Xz 


(42) 


For the decrease in temperature, which, according to Fig. 84, ought 


value for ho ten times too small is given in the table for which the heat conductivity 
is given at fco \/f . The above values correspond to the column with heat conduc- 
tivity proportional to T with corrected values. 

* Euckbn, a., Miiller-Pouillet^s “Lehrbuch der Physik,” Vol. III/l, pp. 859if., 
1926. 
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^ dT 


Te - r . 

Xe Xz 


we can also write 


dT ^ Te - r, ^ Te - T, ^ 
dx a:^ - {*, ax 


( 43 ) 


i.e., the unknown distance (x^ = Xz) is eliminated; it still remains, 
however, to express d^/dx by the reaction velocity. Again very much 
simplified, we assume the reaction velocity to be constant during the 
entire interval, to Vr, where Vr represents the increase in concentration 
of the end products in a unit of time, Vr — d^/dt. If we write 


dx dt dx dx/dt ^ ' 

in which dx/dt is apparently the velocity in which a particle moves in 
the a:-direction, which we shall designate with v', then 


dT ^ T. - Tz Vr 
dx < 


(45) 


v'n, the flow velocity of an element at temperature T can be expressed 
by the flow velocity Vn at temperature To 



(46) 


where it is assumed that the reaction takes place without change of the 
mol-number, or otherwise a factor taking this into ac(‘.ount would have 
to be introduced. The latter, however, will be equal to 1 if we relate 
all magnitudes to Tz because no conversion has taken place there as 
yet, and therefore the same mol-number is still present as at the begin- 
ning. If we do this, we get 


- Tz {Vr)E To 

\dX J x^xg Tc 

and, by insertion in (40), 

= X(T. -- Tz)To(Vr)z 


(47) 

(48) 


agreeing, essentially, with (39). It should be emphasized that all these 
simplifications are not entirely free from objection and particularly that 
they are not even strictly in agreement among themselves. Since, 
however, we shall latc^r recognize the fundamental inadequacy of a pure 
theory of heat, we shall not discuss this in greater detail. 

It is useful to recall that the general form of (48) is plausible and that 
several reasonable conclusions can be drawn from it. The combustion 
velocity according to (48) and likewise according to the original Mai- 
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lard~Le Chatelier formula (39) becomes greater as the maximum flame 
temperature increases above the ignition temperature To] and it is 
smaller the higher Tz increases above the fresh gas temperature To. 
Further, Vn becomes greater, the greater the reaction velocity is in the 
burning zone, and the greater the conductivity X becomes, and the smaller 
the heat capacity c of the fresh gas becomes. All that is in agreement 
with what one would expect qualitatively. The formula also makes 
clear that the farther one moves from the stoichiometric composition 
in a fuel-air (or oxygen-air) mixture, toward the side of either air leanness 
or air excess, the more the liberated energy and therefore the maximum 
Te must finally decrease. At the same time, however, the ignition tem- 
perature Tz can only rise; there must therefore be limits of mixture 
composition on both sides outside of which Te — Tz is no longer positive 
and combustion can no longer propagate; i.e., the theory of heat predicts 
the existence of ignition limits. 


Tabi.e 15. — Ignition Limits ok Several Fi k/l and Air, as Weld as Fuel and 
Oxygen Mixtures (From 1'erres) 



Ignition limits in 

Gas 

Air 

Oxygon 


Lower limit, 

Upper limit, 

: liOWT^r limit, 

Upper limit, 


% gas 

t;. gas 

"i'o gas 

% gas 

H 2 

9.5 

65.2 

0.2 

91.6 

CO 

15.0 

70.9 

16.7 

93.5 

CH 4 

6.3 

11 .9 

6.5 

51.9 

C.TT, 

4.2 

9.5 

4.1 

45.8 

C.H, 

4.0 

14.0 

4.1 

61.8 

CAU 

3.5 

52.3 

3 . 5 

89.4 


At this point, a (luantitative conclusion that is verified by experience 
can be drawm from the theory of lieat. If, at the lower ignition limit of a 
fuel-air mixture (wdiere the limit is effected by a lack of fuel), w^e imagine 
oxygen, which has approximately the same heat capacity as nitrogen, 
taking the place of atmospheric nitrogen, then nothing in (48) can change 
other than the factor of reaction velocity Vr.* Since, however, as experi- 
ence show^s, the reaction velocity depends in general only slightly on 
the O 2 concentration, it can tentatively be assumed that (48) remains 
unchanged. The result of this wmuld be that the lower ignition limit 
in mixtures wdth air and w4th oxygen would have to be approximately 
the same. That this is actually the case is shown by Table 15, in which 


* And perhaps the influence of diffusion of 02-niolecules. 
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lower and upper ignition limits for several substances in mixture with 
air (according to Terres) are given. ^ It is further shown by Table 16 
in which numerical values have been taken from a later compilation by 
Lewis and v. Elbe.^ 


Table 16. — Ignition Limits, Lower Limits in Air or Oxygen (From Lewis and 

V. t^LBE) 


Material ! 

CJTr. 

Ethyl ether 

Divinyl ether 

Cyclopropane 

Lower limit in air, % 

2.00 

1.85 

1.70 

2.40 

Lower limit in O 2 , % 

2.10 

2.10 

1.85 

2.45 


The compilations show that actually the lower igniti(»n limits in air 
and oxygen mixtures generally lie remarkably close togeth^'r. 

A further conclusion from (48) supported by experience is the influ- 
encing of the combustion V(4o(;ity by substituting for an inert gas a 
similar one witli the same conductivity but, different heat capacity. 
Then the inert gas wit,li higher heat capacity (c^ must rcnluce the com- 
bustion velocity. If, for example, in medhane-air mixtures, CO 2 is 
substituted for nitrogen, the combustion velocity is ifnluced by about 
one-lialf and the ignition limits are narrowed. This has important 
practicail applications for the prevention of explosions.'^ If, conversely, 
argon is substitute<l for nitrogen, the comliustion velocity risi^s to several 
times its original value. ^ The heat conductivity at 0°C for A, CO 2 , and 
N 2 are, respectively, 3.8, 3.3, and 5.7 • 10~^. Onl}^ argon and carbonic 
acid are directly comparable, since their conductivity does not differ 
much. The essentially liigher combustion velocity of argon as opposed 
to carbonic acid must therefore be due principally to the smaller heat 
capacity and therefore higher flame temperature in the argon mi.xture. 
If mixtures in which at oiKi time helium and at another time argon is 
the inert gas, bot h of which have the same heat c.apacity, are now com- 
pared, the combustion velocity should show only a difference in the heat 
conductivity. Coward and his associates especially have emphasized 
the crucial nature of this experiment for any theory of heat. In Fig. 86 ^ 
taken from Coward and Jones,*'’ flame velocities of methane and air 
mixtures are given, in which th(^ atmosidieric nitrogen was replaced 
by helium or argon. To be sure, the iricreasi^ in flame velocity for the 
rarer gases on account of their higher flame temperatures is noticeable, 
but the considerable increase to be expec-ted according to the theory 

1 TERRE.S, Gdfi - u . Wasserfach, 63 , 785, 805, 820, 836 (1920). 

2 Lewis, B., and G. v. Elbe, Chem. Rev., 21, 347 (1937). 

^ For numerical valiuis, see G. Jahn, Karlsruhe dissertation, 1934. 

^ Coward and Hartwell, cited p. 97. 

* Coward, H.F., and G.W. Jones, J. Am. Chem. Soc., 49 (1927). 
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of heat does not materialize. The conductivity of pure helium is about 
eight times greater than that of argon. The flame velocity with helium 
is, however, only about 15 per cent higher than that with argon. Coward 
and Payman (cited page 107) report more recent experiments according 
to which, for hydrogen mixtures with ^‘atmospheres’^ of 

/ |Hc\ 

I 21 per cent O 2 + 79 per cent I’ 

systematic differences among the various rare gases are hardly perceptible. 
We reproduce Table 17 from the same work, with more recent values for 



( niimruenKeschwindigkcit = flame vclooityX 
Vorsuche von ~ exi)orimenis by I 

StiekstolT = iiitrog<?ri / 

Fig. 86. — Flame velocities of methane in atmospheres of 02-N2, 02-lle and Oa-A. [From 
Coward and. Jones, J. Amer. Chem. Soc., vol. 49 (1927).] 

flame velocities and the normal combustion vcdocities of methane in 
mixture with nine times the amount of an “atmosphere,” in which 
helium is present at one time and argon at another instead of nitrogen. 
Unfortunately, no data on the heat conductivity are given for the gas 
mixtures in (piestion, and for that reason it is difficult to say with cer- 
tainty in the latter case, where the relation of the combustion velocities 
in He- and A-atmospheres is about 1.4, whether this is less than the 
ratio of the roots from the ccmductivities. (Application of the mixing 
rule by using the conductivities determined at 0°C would yield a value 
almost twice as great; however, the conductivity can vary considerably 
from that computed according to the mixing rule. In addition, the 
conductivity for higher temperatures would have to be taken, and it is 
uncertain which temperature comes into consideration in this case.) 
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At any rate, it suffices that there are cases in which relations appear which 
are not at all predictable by the theory of heat. It will therefore be 
necessary to accept the conclusion of Coward and his associates that at 
least in its pure form the theory of heat alone does not suffice to describe 
the observable facts. 


Tablf: 17. — Flame Velocities in a Tube 2.5 Cm in Diameter for Mixtures of 
1 Methane and 0 Parts of the Following Atmospheres (From Coward 

AND Payman) 


Atmosphere 

Velo( ity of the 
uniform flame 
movement, 
cm /sec 

Flame 

surface, 

cm*-* 

Normal 
combustion 
velocity, 
cm /sec 

20 90a + 79 . 1 Tie 

206 

12.3 

82 

20 90<> + 79. 1 A 

138 

[ 

11.4 

59 



A pure thermal thiKiry of (uimbustion is, however, to be rejected 
at the outset for theoretical considerations in j 2 :eneral. First of all, 
the theory of heat in its above form (disregardinjz; entirely the simplifica- 
tions made in applying it) must be objected to because the concept of 
an ^Mgnition temperature’^ is inadequate.^ The effect of this concept 
on the results is, among other tilings, that, from the fonnulas given 
above with a generally accepted value for Tzj too great a dependence of 
the combustion velodty on temperature would result. This dependence 
would have to become infinite for Tq = Tz, whereas in reality still 
maintains finite values at temperatures far above the usual ^‘ignition 
temperatures.’’- That the temperature dependence of Vn is rather small 
was shown, for example, by Ubbelohde^ as well as Sachsse. It is well to 
recognize wliat is understood by ignition temperature: It is that tempera- 
ture at which a given mixture of gas under a given condition (generally 
enclosed in a container) ignites after a definite indiud/ion time. It is 
essential that this apply to a process in which a larger mass of gas, 
left to itself, explodes after the lapse of some time. Let us now follow 
a thin layer of gas on its path through a burning zone.^ Let the thick- 
ness of the layer be so small that the temperature can be regarded as 
uniform (i.e., a thickness of probably <3C cm); it will then be seen 
that the conditions in it are not at all comparable with those of auto- 
ignition. In the first place, auto-ignition t(?mporatures are customarily 

^ Cf. the supplement to Chap. 1. 

* For further material on this, in itself a well-known fact, see also 11. Sachsse, 
Z. physik. Chem., Sec. A, 180 , 305 (1937). 

3 Ubbelohde, L., and M. Hoi’Sass, Gas- u. Wasserfack, 66, 1225, 1252 (1913). 
Ubbelohde, L., and O. Dommer, Gas- u. Wasserfack, 67 , 733, 757, 781, 805 (1914). 

^ Cf. JosT, W., and L. v. Muffling, Z. physik. Chem., Sec. A, 181 , 208 (1938). 
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determined at induction periods that are much too long to come into 
consideration for the flame. Sachsse especially pointed out this fact. 
Then, while the thin layer takes its course through the burning zone, a 
constant equalization of temperature takes place by means of conduction 
and the balance of material by diffusion with neighboring layers. Thus 
the temperature and composition of the layer must constantly change. 
Hence the reaction velocity within the burning zone must likewise 
constantly change. It cannot be equal to zero under Tg and jump 
to a finite, large value at 7\. 

One could object to this that, by the existence of ignition tc^mpera- 
tures (limits of explosion), tlie possibility (in a physical sense) of an 

irregular change of the reaction velocity with 
the temperature is proved. This, however, 
is not tru(>. Even where explosion limits 
appear, the reaction velocity constantly 
(ihanges with the temperature. To make this 
clear, let us look at Fig. 87. In it, the reac- 
tion velocity Vr is given as a function of the 
time /, and it is given for tAVo different initial 
temperatures Avhich li(? a little above and 
l)elow the ignition temperatuie, Tz + 6 and 
Tz — 5. The reaction velociti(‘s for ^ = Oare 
then diffenmt only by a very small amount. 
Hie change in time of Vr is much different, 
however. Behnv Tz, there is a, gradual decline of in time (sometimes 
it rises at first and then deedines; see the dotted line). Above 7\, Vr 
rises at first slowly, then fastei* and fasterVith time until it trends toAvard 
a very great value at the end of the induct ion period r. What one usually 
doeis is to compare the reaction velocities at. t = r. These are extremely 
different for initial tcunperat uix^s abov(^ and below 7b. But above 
Tzy Vr can have ris(ni for only two reasons, either be(*-ause in the course 
of conversion the temperature has risen (thermal explosion), but then 
at the time t = r the t wo sam])les do not have at all similar temperatures; 
hence a great difference in the reaction velocity does not mean irregular 
change Avith the temperature. On the other hand, the concentration 
of the active partich's has ris(m extremely during the induction period 
by means of chain-branching. But then the comparison of the reaction 
velocities at ^ = r means that one is comparing not neighboring conditions 
but rather some Avith considerable differences, this time in the concentra- 
tions. Hero too, therefore, the apparently irregular change of velocity 
is only the result of a finite difference in a different entity. Hence the 
reaction A^elocity changes under all circumstances regularly AAuth tem- 
perature and concentration (insofar as one actually considers all con- 



Fk’i. S7.— U, (‘action velocity 
as a function of tlu; lini<* for 
teniperaturos a little above or 
below the “ignition tempera- 
ture.’’ 



PROPAGATION OF EXPLOSIONS 


115 


centrations, even those of active particles). Since, as we have seen, 
none of these entities can change irregularly in layers bordering on the 
burning zone, the reaction velocity cannot cliange either. As a result, 
the introduction of an ignition temperature in the treatment of the 
burning zone is not justified. 

It is already clear from a qualitative point of view that diffusion 
too plays a role. The following consideration, which is to serve only as a 
rough estimate, shows that the inlluence of diffusion, like that of con- 
duction, is never to be neglected. If X is the conductivity of a gas 
mixture, the formulas of the elementary kinetic gas theory show that 
approximately 

X ^ Dc (49) 

if D is the coefficient of diffusion (really the coefficient of self-diffusion) 
and c the heat capacity per cm^; therefore 

c = (50) 

where c, is the average specifu*. heat and f is tho total concentration of 
all components of the gas. Jjet. us ()bs(n-ve a simplified picture of the 
burning zone (Fig. 88), and let us assume 
the concentration of the leading material 
or materials to be fo at the b<‘giniiing and 
0 at the end, and let the burning zone have 
the thickness A.r (which of course is not 
very exactly defined); then, for the h(‘,at 
flow in the direction of the negative .r-axis 
we get, 

_ 7’ Ti\ (KonznntiMtion der Au.sgaiigMstolTo 

c;=; -|-X ])(J ‘‘ (51) concentration of tlie initial materials) 

dx Ax Ficj. 88. — Distribution of the 

toiTiperaturp and the conecntratioii 

in Avhich use has been made of the relations of tho initial materials it) in the 

1 , 1 * X I IniniiiiK zone. 

above, and an average drop in temperature 

has been inserted. For the diffusion current,, ?.c., the amount of material 
diffused into the burning zone in a unit of time from the fresh gas per cm’'* 
of cross section, wo get 

( 52 ) 

with the same approximations as above. 

Since it is a matter of two difftu-ent entities when dealing with the 
diffusion current and the thermal current, a comparison is possible only 
on the following basis: The thermal current shows how many calories 
per second and per cm- flow from the burning zone into the fresh gas. 
Obviously only the heating value conducted by the diffusion current of 
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the fresh gas is comparable to it; i.e., if Q is the heat of reaction per mol 


..Q^D^Q 


(53) 


On the other hand, the temperature Te is reached when complete con- 
version takes place; thus heat capacity times {Te — Tq) must be equal 
to the heat of reaction; in other words 


c,{Te -To) = Q 


Te - To 


9 . = 

Cp c ^ 


(54) 


in which use is made of (50).^ 
Hence the heat flow becomes 


Q 


Ax c 


Ax 


(55) 


If we disregard the differences between the average values designated 
by the bars as compared with corresponding magnitudes at a given 
temperature, the heat flow in one direction is identical with the flow of 
available reaction energy transported in the opposite diiection. These 
computations represent only very rough approximations, but Ave are 
concerned only with showing that the Iavo magnitudes are of the same 
order and that Ave must not neglect diffusion or heat conduction. 

One could also imagine as a borderline case (avIucIi of course Avould 
do just as little justice to the actual situation as Avould a one-sided theory 
of heat) the folloAving process of flainii propagation: The fresh gas in 
front of the burning surface diffuses constantly into the hot burning 
zone where it reacts pra(;tically instantaneously. The diffusion process 
would l)e determining for the velocity. It is of interest that it Avould 
not be difficult to understand (combustion vehxcities of the order of 
magnitude up to 1 m/sec in this manner (Jost and v. Miiffling, cited 
page 113). 

The hitherto considered influence of the diffusion of the fresh gas 
and the terminal gas as a Avhole might, howcA^cr, in general not even be 
so important as the diffusion of active particles Avliich can be present in 
considerable concentration in the thermal ecpiilibrium, and Avhich in the 
burning zone can even exceed this equilibrium concentration as the 
result of chain-branching {cf. Chap. VIIl). The conccmtiation of free 
atoms and radicals can be calculated entirely ac’cordiiig to the per- 
centages of the total gas {cj. the extreme example of the detonation of an 
oxygen-hydrogen mixture. Chap. V, page 174). Since the free atoms and 
radicals are very active, a relatively small current of these particles is 
equivalent to a considerable flow of energy. More important, however, 
is the folloAving: Only a small portion of the heat conducted seiwes as 

^ And the difference between Cp and c« is neglected. This is allowable in this rough 
approximation. 
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''heat of activation of reacting particles (c/. in this connection Chap. 
VIII). However, the energy of free atoms and radicals is used to a 
certain extent completely as activating energy. One can again estimate 
(cf. Jost and v. Muffling, cited page 113) that many more than ten times 
the active particles can get to the colder layers of the burning zone by 
diffusion than would be there in equilibrium. 

How a strictly theoretical treatment of the normal combustion 
velocity is to be attacked is thus clear. Conduction must be considered, 
but diffusion is also to be taken into account, and diffusion of all the 
kinds of particles appearing, inclusive of short-lived intermediary; 
finally the reaction velocity as a function of tlu^ temperature and of the 
composition is to be introduced explicitly. The inadequate concept of 
ignition temperature is to be avoided. 


Let us again imagine the burning surface in our system of rcforonce as being 
stationary; i.e., if, iis in Fig. <S8, page 115, wc let the 1r<.. li gas How with the velocity Vn 
in the direction of the positives x-axis, all the entities witiiin tlie biirning zone in this 
system of rderences must b(; stationary. An (‘quation of the following form must 
therefore apply at each plact^ of the burning surfacte for t ae temp(;raturc as well as for 
the concentration of each individual material component, inclusive of the active 
intermediate products 


dl ” 


1,2,3, 


(56) 


where a is the concentration of the material component, i. I'he entire change with 
time of one of these entities is composed of (1) the ‘^conduction” action (heat con- 
duction in the case of the lieat energy, diffusion in the case of the individual concen- 
tration), (2) the (!onvective action, the action of flow, and (3) change as the result 
of chemical reaction. The heat flow in the -hx-direction is, for example, 


a quantity of heat flows at the point x in a unit of time into a volume element of the 
thickness Ax and of 1 cm^ cross section 



at the point x Ax the quantity of heat that flows out is 


(11) 





The excess of the heat flowing in over that flowing out is therefore 


(I)-(II)=AX± 



(57) 


Since the volume of the layer of the cross section amounts to (1 cm® A®) cm*, the 
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change of the heat content by conduction of the unit of volume becomes 



( 58 ) 


Since X varies with the temperature and the location, it must appear behind the 
differentiation syrn})oI. ]‘or the change in concentration of the material components 
i by diffusion, one obtains l)y analogy 



(59) 


By convection, the quantity of heat that Hows through a cross section of 1 cm* is 

C,,pTv (60) 

where Sp is the averages specific heat pcT gram between 0 and 7' deg, p the density, 
7’ the teinp(^rnturo, and v tin* vcdocity of flow (wliich is likewise dependent on x on 
account of the change of voluiru' with 7' and x). As above, one obtains the resulting 
change of the heat content with time 

(f )>. - - £ <“■' 


For the corresponding changes of concentration, the following is valid: 



(62) 


As a change })y means of reaction velocity, we obtain, if we designate tlie reaction 
velocity with / ' (let U be the change in conceiktration in a unit of time, hence of the 
dimension mol/crir* sec), and if with Pi \vc, d(isignate the number of mols of th(5 sub- 
stanc.e i whi(di disappear in a convcision corresponding to the redaction equation^ for 
the concentration of the substance / 


If Q is the heat of redaction, for the heat content we obtain correspondingly 

\ /roaot 


P"or the total change of tlie individual entities that must be present in the stationary 
burning zone 0, we thus obtain 


dW 

dt 


- 1 , 

S - -si ^ 


(65) 

( 66 ) 


By dividing Eq. (65) with pffp, we arrive at the equation dT/dt — 0, and (65) is there- 
fore equivalent to the latter. In addition, there are relations that follow from the 
reaction equation, such as the hydrodynamic continuity equation for the conservation 


^ For the designations used as well as the derivation of the formulas, see G. Dam- 
kdhler, “Der Chemieingenieur,” Vol. Ill, 1. We have followed Damkohler here. 
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of mass 

£ 0>«) = 0 (67) 

which simply says that the same quantity of substance flows through each cross 
section. In principle, it»is possible to compute the combustion velocity from these 
equations. One needs for this purpose the conductivity of the mixture as well as the 
diffusion coefficients of the individual components, all of them dependent on the 
temperature, which can be computed fairly accurately from kinetic gas data. Further, 
one would need to know the reaction velocities, and it is here that the chief difficulty 
arises; for up to this time it is difficult to say anything valid al>out the reaction velocity 
under the extreme conditions of the flames. The need is rather to proceed in the 
opposite direction and to obtain the reaction velocities from the flame velocities. 
Even if the reaction velocities were known, computing the normal combustion veloci- 
ties with the aid of the above equations would be no easy task, but it would be possible 
in principle by numerical integrations. 

Lewis and v. Elbe^ have sought to simplify the problem in the follow- 
ing manner: We have se(ui in the rough estimate made on page 116, in 
order to compare heat conduction and diffusion, that the energy trans- 
ported in one direction by conduction is always of the same order of 
magnitude as the chemical energy that the diffusing fresh gas takes 
with it in the opposite direction. If this average relation, valid for the 
entire burning zone, is assumed to be exactly fulfilled at every single 
place, and if the energy transported by active particles is disregarded, 
the conduction equation could be left out of consideration and satisfied 
indirectly by introducing the condition that the entire energy, t.e., the 
sum of chemical energy and heat energy, must be constant over the 
burning zone. This is an assumption that is certainly not fulfilled 
exactly but represents a reasonable simplification for purposes of approxi- 
mation. By means of this simplification, Lewis and v. Elbe have 
succeeded in completing an absolute computation of the normal com- 
bustion velocity in the case of a simple example, namely, ozone explosion. 

With considerable probability, a simple reaction mechanism can be 
assumed here. 

( 1 ) 03^02 + 0 

(2) O + 0.3 -> 2 O 2 

in which fairly accurate values for tlie equilibrium 1 and the velocity 2 
are available. 

For details of the rather lengthy calculation, which includes several 
items that must be disregarded, we refer to the original work as well as 
to the monograph by Lewis and v. Elbe. Information as to the degree of 
exactness achieved can be obtained from Table 18. 

^ Lewis, B., and G. v. Elbe, J. Chem. Phys., 2, 537 (1934); cf. also the same, 
Combustion, Flames and Explosions of Gases”; further, Chem. Rev.^ 21, 347 (1937). 
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Table 18. — Normal Combustion Velocity of Ozone and Oxygen Mixtures. 
Computed and Observed Values by Lewis and v. Elbe 


p, mm Hg 

T° abs 

abs 

m* 

(vn) observed, 
cm /sec 

(vn) com- 
puted, cm/sec 

624 

300 

1239 

3.05 

9 

55 

253 

2560 

427 

1343 

3.05 

158 

451 

495 

302 

i 1922 

! 1.02 

160 

333 

3760 

468 

2044 

1.02 

747 

664 


The agreemcint between theory and experiment is remarkably good 
considering the many facitors that go to make up the result. At any rate, 
it could not be expecited to be any better, for it is a matter of an actual 
alisolute calculation of the velocity. Of interest is Fig. 89 by Lewis 
and V. Elbe, in which the structure of the flame front is worked out for a 

particular example. The thickness of the 
flame front is given as 10“^ cm, which is 
probably somewhat too small. At least the 
heat flow, which is figured from the maxi- 
mum temperature decrease in the figure, is 
unreasonably high. If we assume that the 
burning zone is twice as thick as Lewis and 
V. Elbe have computed — and this lies well 
within the limits of error of their computa- 
tion — and if we suppose it to be inversely 
proportional to the pressure, we should ob- 
tain values for atmospheric pressure that 
would approximate those estimated by 
Macho. The concentration of ozone con- 
stantly falls off over the burning zone; cor- 
respondingly ,the coiKjentration of the 
oxygen, which is not given, must increase. 
The concentration of 0-atoms, as well as the reaction velocity, has a 
d(rfinit.e maximum within the burning zone. 

In geiuu-al, it may be said of the calculation of Lewis and v. Elbe 
that it still contains a number of disregarded factors that we should 
like to have worked out (the imfirobable course of the temperature, for 
example, is due to this, with irregular change of the differential quotients 
T = T,) but that it represents by far the most reasonable solution thus 
far offered for computing the combustion velocity. For further dis- 
cussion, we refer to Lewis and v. Elbe (cited page 119) as well as to Jost 
and V. Muffling (cited page 113). 

7. Reaction Velocity and Normal Velocity of Combustion. — That 
reaction velocity is of decisive importance for flame propagation is 



of tho flaino froiit) 


Fkj, 89. — Strurtiiro of the 
buniiiiK zone in ozone explosions, 
[F'rofn Lewis and v. Elbe, J. Chrm. 
Phys., vol. 2 (1934).] 1 = T. 

2 = [Oa], 3 = lOJ. 4 = reae- 

tion velocity. 
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clear from all the attempts to treat it theoretically, even though it is 
impossible by the nature of things to give an explicit relation between 
flame velocity and reaction velocity. Observations that point to such 
influences have been made again and again in the course of investigations. 
Ubbelohde and Dommer^ found, for example, that the combustion 
velocity of carbon monoxide and air mixtures of maximum velocity^ 
rises from 16 cm/sec for dry gases to about 55 cm/sec for gases with 
9.4 per cent H 2 O. Here the same reaction-accelerating influence of vapor 
is observable as in slow oxidation and also in detonation (Chap. Y). This 
vapor influence can also be seen in flame velocity, as is shown in Table 19, 
taken from Bone. 


Table PJ. — Flame Velocity of a Mixtttre of 4.5 Per Cent ( O j < Air, with 
Varyino H 2 O Content in a Ti'be 2.5 Cm in Diameter 


% H 20 

0.70 

1.45 

3.50 

5.20 

Flame velocity, cm /sec 

1 56 

j 

76 

106 

120 1 


Systematic inv(jstigations on reaction velo(;ity and flame velocity 
have been made especially by Bunte*^ and his associate's. We shall discuss 
these briefly here. The (Kmibiistion velocity of carbon monoxide is 
accelerated not only by vapor but also by hydrogen, as w(41 as by organic 
compounds containing hydrogen, a sign that OH-radicals and perhaps 
also H-atoms probably participate in the reaction.^ Their presence 
would in itself accelerate the reaction, but they can also increase the 
combustion velocity indirectly by diffusing especially rapidly. It is 
noteworthy also that materials whose comliustion velocities an^ somewhat 
lower than that of the (somewhat damp) carbon monoxide can con- 
siderably raise the combustion velocity of the latter when mixed with 
it in small quantities. For example, 1 per cent of hexane (whose maxi- 
mum combustion velocity, 32 cm/sec, is much lower than that of the 
related damp carbon monoxide ^^^th 42 cm/sec) raises the combustion 
velocity of carbon monoxide by 29.5 per cent. The deviation of the 
combustion velocities of mixtures of maximum velocity consisting of 
carbon monoxide with a number of added gases from the values computed 
according to the rule of mixtures can be found in Hartmann. It is 

^ Ubbelohde, L., and O. Dommer, Gas- u. Wasscrfachj 67, 733, 757, 781, 805 
(1914). 

^ Maximum velocity in respect to the variation of the fuel-air relation. 

^Bunte, K., Gas- u. Wasserfach^ 76, 213 (1932). Bunte, K., and associates, 
Gas- u. Wasserfach, 73, 837, 871, 890 (1930); 74, 1073 (1931); 76, 89 (1933); further, 
the Karlsruhe dissertations of G. Jahn (1934), E. Hartmann (1931), and G. Seuffert 
(1934). 

^ Cf. Chap. IX. 
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uniformly demonstrated that small mixtures of compounds containmg 
hydrogen raise the combustion velocity far above the value deduced 
from the mixing rule. Carbon disulphide has the opposite effect. 

Table 20. — Influencing the Normal Combustion Velocity by Iron Carbonyl 
Additions. Composition of the Mixture Corresponds to the Mixture of 
Maximum Combustion Velocity (From Hartmann) 


Mixture with air 

(»») 

Without, 
cm /sec 

1 max 

With addition 
of Fe (CO) 6, 
cm /sec 

Ethyl ether 

37.5 

34.8 

90% CO + 10% ether 

51.5 

49.5 

97.5% CO + 2.5% ether 

61.5 

58.5 


It might be supposed that the addition of antiknock products would 
especially decrease' the combustion velocity. The experiments show a 
certain inhibiting effect, but this is not great by any means. In Table 
20 are given values on the decrease of combustion velocities in mixtures 
of maximum velocities consisting of ethyl ether, as well as ethyl ether + 
carbon monoxide with air by the addition of iron pentacarbonyl [1 cm® of 
liquid Fe(CO)6 to 100 cm® of ethyl ether], according to Hartmann. 


Table 21. — Maximum Combustion Velocities of Various Materials in Mixtx;re 
WITH Aiu (From E. FIartmann’s Compilation) 


Fuel 

(^n) max. 

cm /sec 

Mixture, 
% gas in 
air 

Stoichiometric 
mixture, % gas 
in air 

Hydrogen 

267 

42 

29.5 

Acetylene 

131 

10 

7.7 

Ethylene 

63 

7.0 

6.5 

Carbon disulphide 

48.5 

8.2 

6.5 

Propylene 

43.5 

4.8 

4.5 

Carbon monoxide + 12% 11 -.0 

41.5 

53 

29.5 

Benzol + 0.5% Ho 

38.5 

3.0 

2.7 

Ethyl ether 

37.5 

4.5 

3.4 

Methane 

37.0 

10.5 

9.5 

Cyclohexane 

35.0 

2.5 

2.3 

n-Pentane 

35.0 

2.9 

2.6 

n-Hexanc 

32.0 

2.5 

2.2 

Acetone ... 

31.8 

1 

6.0 

5.0 



Probably there is a decrease of Vn by the addition of considerable 
Fe(CO)6, but it remains relatively unimportant. 
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We have already pointed out that the mixtures of maximum velocity 
always lie on the side of excess fuel. In Table 21, which is likewise 
from Hartmaim, we present a compilation that illustrates this fact. 



H,— 

(normale Verbreniiungsgeschwindigkeit = iionnal combustion velocity) 

Fig. 90. — Normal combustion velocities of Hz in mixture with various “atmospheres” of 
Ns + Os. [From Jahn^ Karlsruhe Dissertation (1934).] 

The reason for this may be, in part, the factor of reaction velocity; 
for, since the reaction velocity in by far the most cases depends much 
more on the fuel concentration than it does on the oxygen concentration, 
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its maximum will be on the side of fuel excess. An added factor might be 
the fact that, in substances containing hydrogen, an excess of fuel has 
a favorable effect on the formation of free hydrogen as well as hydrogen 
atoms as its reaction product, and this might be favorable to the propaga- 
tion of the combustion by diffusion of the especially active free H-atoms. 

Jahn (cited page 123) discusses extensive experimental material in 
respect to Nusselt^s formula for combustion velocity. Even though 
we might consider it merely of historical interest, the results are never- 
theless of more general importance. 

The combustion velocities of mixtures with different atmospheres 
have also been measured by Jahn. In order to illustrate the relations, 
we reproduce in Fig. 90 combustion velocities of hydrogen ip various 
N 2 -O 2 atmospheres. Jahn (cited page 123) also gives groups of curves 
for C()2-02 atmospheres. In the various N2-O2 atmospheres, the con- 
ductivity, diffusion coefficient, heat capacity, and hence also (at least 
in the range of fuel deficiency) the maximum flame temperature remain 
approximately unchanged. The differences in combustion velocity 
must therefore be due to differences in the reaction velocity and in the 
varying concentration (but not the mobility) of active particles. In 
the case of the C() 2-02 atmospheres, the heat capacity is changed, and 
the effect is notic^oable in In addition, the change in condiu^tivity 
and in the diffusion coefficients plays a role. Unfortunately, it is not 
yet possible to draw conclusions as to the reaction velocity from these 
investigations. In the work of Jahn, there arc experiments similar to 
those above with CO and CH4 as fuel gas. 

8. Limits of Ignition. — The appearance of ignition limits is condi- 
tioned by the fact that, outside of certain limits of composition, a combus- 
tion locally induced by extremely powerful means is no longer able to 
propagate. The limits of combustion thus appear where the propagation 
velocity for explosion has become zero. To be sure, it is not said that 
the limit obtained from measured values of the combustion velocity by 
extrapolation to a zero combustion velocity must be the exact ignition 
limit; for the smaller the combustion velocity, the more will disturbances 
by conduction, etc., make themselves felt, and the more will the ignition 
limits depend on external factors like the diameter of the container. 
That is probably why it is generally not successful to observe combustion 
velocities under a certain limit, frequently in the neighborhood of 
'^10 — 20 cm/scc. 

It is convenient to have at one's command at least a semiquantitative 
estimate for heat conduction to the wall in the case of flame propagation 
in a tube. Since the formal theory of heat conduction is identical with 
that of diffusion, one can, for purposes of orientation, give the formula 

aP = 2Dt ( 68 ) 
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which is analogous to the expression for the average square of displace- 
ment of a particle 

aP = 2kt (69) 

In (69), k is the thermometric conductivity (difTusivity), not the heat 
conductivity X, lor k = \/Cy ii c is the average specific heat per cm®. 
\/Ax^ in order of magnitude would be approximately the distance from 
the wall at which the temperature of a hot gas (temperature 2\) that has 
been brought in contact with a cold w^all of the constant temperature To 
has fallen to about {To ■— 2\)2. For practic^al appl legation, it should be 
remembered that k varies considerably Avith the temperature but that 
the formulas above are valid assuming k to be constant. An average 
value will thus be assumed for k^ taken according to tlie temperature 
interval considered. For hot burning gases, k will at any rate not be 
smaller than 1 cm^/sec. For a time will be taken tliat is of the same 
order of magnitude as the time during which the burning zone passes a 
point on the Avail. In other Avords, if 5 is the thickness of the burning 
zone and Vf the flame velocity, 

With 8 = cm and Vf = 20 cm/sec (avc are taking a Ioav value for Vf 
because at Ioav flame velocities in the neighborhood of the ignition 
limits the influence of the Avail is strongest and interests us especially), 
we get 

^ = 5 * 10~^ sec 

and thus 

Ax'^ = ^ 0.3 mm 

thus the thickness of the layer in Avhich the cooling from the Avail makes 
itself strongly felt Avill be of this order of magnitude. From this, by the 
Avay, it can also bo seen, as has already been mentioned (page 102) as an 
experimental result, that the material of the Avail is practically Avithout 
influence. Because the heat capacity of the Avail material is about 
1000 times greater than that of the gas at atmospheric pressure, the rise 
in temperature of the Avail at an equal depth of penetration Avould amount 
to only Kooo the cooling of the gas. This means, hoAAX'ver, that one 
may, as a first approximation, regard the temperature of the Avail, 
whatever its composition, as being constant during the progress of the 
flame front. 

The following estimate is somewhat more exact and is valid as long 
as the depth of penetration^' of the cooling is small compared with the 
diameter of the tube. Since, however, by far the greatest error is made 
because of the variation of the thermometric conductivity, it can be used 



126 EXPLOSION AND COMBUSTION PROCESSES IN GASES 


as an approximation if depth of penetration and tube diameter are 
comparable. For greater exactness, k must be introduced as an entity 
dependent on the temperature, a fact, however, that excludes a general 
integration of the heat-conductivity equation in a complete form. For 
a gas mass that at the time ^ = 0 has the temperature Ti and is brought 
in contact with a plane wall^ at a constant temperature of To, the following 
is valid for the temperature distribution at the time tf if we let the 
positive x-axis coincide with the direction of the normal from the wall 
into the gas,^ 

r.r. + (r,-w(^) (70) 

where k has the earlier meaning and the Gaussian integral of error, is 
defined by 

For various values of kt, we obtain a “depth of penetration’’ Ax, up to 
which point an appreciable cooling of the gas has taken place of the above 
order of magnitude. Of course, what should be regarded as an appre- 
ciable cooling is somewhat arbitrary. A cooling of about 50°C can 
certainly be regarded as considerable, but at Ti — To = 2000° it amounts 
to only 2.5 per cent. The associated value of x/2 y/ki would be about 
1.6; with A; = 1 cmVscc, would result in 

Ax = \/3.2 • 5 • lO"'^ = 0.4 mm 


which is much the same value as above if Ave retain the numerical values 

for k and L Since the thermometric conduc- 
F=j /i i tivity at high temperatures, particularly in 
gases rich in hydrogen, can be many times 
more than the values assumed above, the depth 
of cooling is hardly estimated too high. 

Another factor affects the flame velocity (and hence indirectly the 
location of the ignition limits) in narrow tubes and therefore for very 
convex burning surfaces. The propagation velocity in a convex burning 
surface with a small radius must be smaller than that in a plane burning 
surface for the simple reason that, in a greatly curved surface, one 
element of the burning zone must furnish a greater volume of fresh gas 
with heat (and free radicals) than in a plane surface (Fig. 91). The 
deceleration of the combustion velocity with a greatly curved convex 


^ It can be demonstrated that the temperature of the wall does not change mark- 
edly even on the surface when the flame front passes. 

* Cf. Frank-Mises, ‘^Differential- und Integralgleichungen der Physik.” Gauss’s 
integral of error can be found tabulated in Jahnke-Emde, “Tables of Functions.” 
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burning surface is, with the opposite sign, the same effect that causes a 
considerable increase in the combustion velocity with greatly curved 
concave burning surface, because a smaller volume of fresh gas with 
heat and free radicals is to be furnished (Fig. 91). As the direct result 
of this effect, we notice (Fig. 92) that the inner cone of a Bunsen burner 
does not end in a point but is rounded off, becaiise, in the neighborhood of 
the point with concave and greatly curved burning surface, the combus- 
tion velocity is well above its noimal value (cf. page 78). 

Mathematically this is expressed (cf. page 77) by 
having the heating velocity, which is expressed in the 
one-dimensional case by 


dt 


d^T 

dr^ 


(71) 



expressed in the three-dimensional, sphericall 3 " symmetri- 
cal case by 

dT ^^2) 


^ ^ 2 dl\ 

dt " ^ \ r dr) 


Fig. 92.— 
Rounding of the 
point of a Bun- 
sen burner as a 
result of the heat 
(and diffusion) 
current increased 
there. 

If (Fig. 93) the burning surface is convex, 2lr dT/dr bel^omes negative 
and effects a decrease in the heating velocity of the fresh gas; in a concave 
burning surface, dT/dr becomes positive and aids the heating of the fresh 
gas. The formal expression for the diffusion of active particles is the 
same. Numerically we obtain (as a preliminary estimate) the following: 
if Ti — To = 2000° and the thickness of the burning zone is about 
10"2 cm, then as an average 



and 


dr 


q2T 

dr^ 


= 2 • 10® deg/cm 


~ 2 • 10^ dcg/cm^ 


The member 2/r dT/dr together with the first member in (72) is thus 
negligible if 


- « 102 cm-i 
r 


in other words, if r > 2 • 10~2 cm. With radii of the order of magnitude 
of several tenths of a millimeter, the influence of the curvature of the 
burning surface will be considerable and, at 1 mm or even above, will be 
just noticeable. 

In the immediate proximity of the ignition limit, these influences can 
have an even greater effect. From all this, it is not surprising that 
experiments show a dependence of the ignition limits on the size of the 
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container. To be sure, conduction and diffusion are not the only influ- 
ences that make themselves felt. In general, ignition in a vertical tube 
propagates more easily from below to above than from above to below 
because in one case convection favors it and in the other it hinders it. 
Ignition in a horizontal tube yields, as can be expected, average results. 
The influence of convection is clearest in the ignition of hydrogen-air 
mixtures in a vertical tube.^ 

Insofar as no special provision is made, the ignition limit is not 
independent of the type of ignition used. We have seen in Chap. II, 

page 58, how the minimum energy required for 
spark ignition varies with the composition of the 
gas. For practical application, it is necessary 
to dekuTnine the ignition limits in such a manner 
as to make it possible in using nonignitible mix- 
tures actually to get outside the danger zone. 
We shall define the ignition limits under such 
circumstances as those below whicdi ignition 
occurs extremely easily, f.c., in a not too narrow 
(several centimeters wide) vertical tube, with 
ignition from below and with a sufficiently 
strong spark. What a sufik^iently strong spark 
might be must be determined by experiment, 
or we may con\ ince oursc^l ves in determining the 
ignition limit itself by observing whether, when 
increasing the spark (ui(u-gy, no further dis- 
placement of the ignition limit takes place. 
On the other hand, care must be taken to note 
that actual ignition takes place, f.c., that the combustion is propagating 
some distance from the point of ignition ; for, in the proximity of the source 
of ignition, it is always possible with sufficient energy to force a more or 
less intensive conversion. This means, hoAvever, that we cannot use 
too high an ignition energy; in any case, it must be small in proportion to 
reaction energy present in the total gas mass. Practically, this can be 
achieved by igniting the gas in a tube that is not too short and by regard- 
ing as ignition only those cases in which the flame has propagated itself 
through the entire tube. 

The conditions in determining ignition limits with sparks of varying 
energy have been discussed in greater detail by Lindeijer- (Fig. 94). 
Here the composition of the mixture (about x per cent fuel in air) is 
plotted as the abscissa and the spark energy Z as the ordinate. Not a 
single mixture will be ignited if the spark energy is under Z; if it is 

^ Cf. Clusius, K., and H. Gutschmidt, Z. Elektrochem., 42, 498 (1936). 

*Lindeijer, E.W., Rec. trav. chim., 66, 97, 105 (1937). 



Gemischzusommensefzung 


( Fimkenenergie <=■ si)ark \ 
energy 1 

Geniischzusaiuinensetzung — I 
composition of the iiiixturo / 

Fig. 94. — Relations be- 
tween spark energy 7j and 
ignition limits (.Yi and A'a, 
true ignition limits), [From 
Lindeijer, Hoc. Irav chim. 
vol. 56 (1937).] 
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increased to about Z2, with this energy the limits xi and X 2 would be 
obtained. The actual ignition limits lie at Xi and X2. To reach them, 
the spark energy would have to be increased to Z3. If we ignite with 
this or a higher energy in case we reach the shaded portions, we still 
obtain a flame in the neighborhood of the spark, but the flame is extin- 
guished at some distance; whereas only within Xi and X2 does the flame 
propagate over any distances. Since one can never know in industries 
endangered by explosion how great the ignition energy can be, it is 
necessary in determining the ignition limits to raise the spark energy 
to over ^3 in order to obtain the true limits. 

In Tables 22 to 26, we present a survey of the ignition limits obtained 
by experiment. As is to be expected, the ignition limits vary when the 
initial temperature and pressure are varied. Raising the temperature 
seems to widen the limits without exception. In ignition at the top of a 
vertical tube, Whit(i^ found the limits for hydrogen, carbon monoxide, and 
methane in air given in Table 22. 


Tablk 22. — IrjNiTioN Limits in 1)f:pendence on the Tempkrati'kk (From White) 


'J'emperature 

17"C 

lOO^C 

200 °C 

300°C 

400°C 

Lower limit, % Ho 

9.4 

8.8 

7.9 

7.1 

0.3 

Upper limit, %. TTs 

71.5 

73.5 

70 

79 

81.5 

Lower limit, % CO 

HL3 

14.8 

13.5 


11.4 

Upper limit, % CO 

70 

71.5 

73 

— 

77.5 

Lower limit, % CIT^ 

G.3 

5.95 

5.50 

— 

4.80 

Upper limit, % (JH 4 

12.9 

13.7 

14 . 6 

— 

10.0 


The ndation between ignition limits and pressure does not seem 
to be definite. As we have already seen, increase in pressure does not in 
general increase the linear combustion velocity, but it does increase the 
^^mass-burning velocity, i.e.y the mass converted in a unit of time. Since 
the reaction velocity almost always rises with the pressure at not too low 
a pressure (upper explosion limit; cj. Chap. VTII), we should consider it 
extremely probable that the ignition limits also would widen with 
an increase in pressure at not too low a pressure, w^hereas for low and 
medium pressiin^s no dcifinite general predictions can be made. These 
conjectures, at least for very high temperatures, seem to be corroborated 
by experiment.*'^ 

^Cf. Bone, W.A., and D.T.A. Townend, ''Flaino and Combustion in Gases,*' 
London, 1927. 

^ On the influence of the pressure on the ignition limits, cf. also D.M. Newitt, 
and D.T.A. Townend, “The Science of Petroleum," Vol. IV, pp. 288^. 
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Terres and Plentz^ found the following limits for hydrogen, methane, 
and carbon monoxide mixed with air: 


H 2 -air at 1 atm, % 

9.0-68.5 

At 10 atm 

9.5-67.5 

CH 4 -air at 1 atm, % 

6.0-13 

At 10 atm 

6.6-14 

CO-air at 1 atm, % 

1541-72.9 

At 10 atm 

18.4-62.4 






Here a widening of the upper limits takes place only in methane; in other 
cases, an increase in pressure effects a narrowing of the limits, which is 
the most pronounced in carbon monoxide. This refers, however, to 
relatively low pressures. If higher pressures are considered, the limits 
are considerably widened, at least in the case of methane-air, as can be 
seen in the following compilation by Berl and Werner (Table 23).^ 

Table 23. — Ignition Limits fou Methane in Air at Various Pressures (From 

I^ERL AND Werner) 


p, atm 

% Methane 

Lower limit 

Upper limit 

1 

6.6 

12.7 

21 

7.5 

12.0 

400 

5.2 

1 



In this case also, there is a narrowing of the ignition range at moder- 
ately high temperatures but a considerable widiniirig at very high pres- 
sures. The values for methane were in the main corroborated by Bone 
and associates (cited page 15G) in a pressure range up to 125 atm. They 
also found a widening of the ignition range with increased pressure for 
hydrogen-air mixtures, although only at the upper limit. The lower 
limit remained constant (c/. Table 24). 

On the other hand (according to the same authors), the ignition 
limits narrow with increased pressure in the case of carbon monoxide-air 
mixtures even at 125 atm {cf. Table 25). 

If, in carbon monoxide-air mixtures, helium or argon replaces the 
nitrogen, the ignition limits are extended, just as vapor causes an appre- 
ciable widening of the ignition limits (Bone, cited page 156). Here it is 
again demonstrated that factors which increase the combustion velocity 
at the same time widen the ignition limits. 

A very valuable survey of the ignition temperatures and their practical 

1 Terres and Plentz, Gas- u. Wasserfach, 67 , 995, 1016, 1024 (1914). Cf. also 
Mason and Wheeler, Trans. Chem. Soc., 113, 45 (1918). Bone, Newitt, and 
Townend, “Gaseous Combustion at High Pressures,” London, 1929. 

* Berl, G., and G. Werner, Z. angew. Chem., 40 , 245 (1927). 
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application in industries endangered by explosion is given by Jones.' 
We wish to call special attention to his work and take from it the observa- 
tion by Burgess and Wheeler^ that in many cases a simple relation exists 
between the heating value of a fuel and the lower limit of ignition. The 
lower ignition limit multiplied by the heat of combustion of the fuel 
approaches a constant (whose value for hydrocarbons lies in the neighbor- 


Table 24 Table 25 


vP\ 

atm 

% H 2 in air at the 
upper ignition 
limit 

V, 

atm 

% CO in air 

Lower ignition limit 

Upper ignition limit 

5 

68.4 

1 

14 2 

71 

10 

68.5 

5 

15.4 

67.5 

30 

71.9 

10 

17.8 

62.8 

50 

73.3 

30 

20.3 

58.8 

75 

74.2 

50 

20.6 

56.8 

125 

74.8 

125 

20.7 

51.6 


hood of 1100, if the ignition limit is expressed by the percentage of fuel 
in air and the heat of combustion is expressed in kcal/mol). This rela- 
tion can at least be useful for an estimate of the lower ignition limit of 
substancc^s not yet investigated in detail, just as T^e Chatelicr's rule® 
is useful in estimating the limits for mixtures. Tins is simply the applica- 
tion of the mixing rule to fuel mixtures and is gcmerally given in the form 

_ 100 

Pi/Ni+P2/N2+ • • • 

where L is the ignition limit for the fuel mixture from the components 
1, 2, . . . , ATj, N 2 y . . . are the corresponding ignition limits of these 
pure components (in per cent) and Pi + -P 2 + * ’ * = 100. A validity 
even only approximately exact can of course not be expected in the case 
of fuels that exert a strong influence on each other in combustion. When 
small or even great variations are noted, therefore, it is not necessary 
to look for a special explanation. An explanation would be necessary 
only if one found a general validity of Le Chatelier^s rule contrary to 
expectations. The rule will apply most accurately when the materials 
to be investigated are most similar. These happen to be the most 
interesting cases from a practical point of view, e.g.^ hydrocarbon mix- 
tures, mixtures of organic solvents. Here Le Chatelier^s rule can often 
be useful for a preliminary estimate. 

^ Jones, G.W., Chem. Rev., 22, 1 (1938). 

* Burgess, M.J., and R.V. Wheeler, J . Chem. Soc., 99, 2013 (1911). 

*Le Chatelier, H., and O. Boudouard, Compt. rend., 126, 1344, 1510 (1898). 
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Table 26. — Ignition Limits in Air (From Jones) 


Material 


Methane 

Ethane 

Propane 

Butane 

Isobutane 

Pentane 

Isopentane 

Hexane 

Heptane 

Octane 

Nonane 

Decane 

Ethylene 

Propylene 

Butylene 

Amylene 

Acetylene 

Benzol 

Toluyl 

o-Xylol 

Cyclopropane 

Cyclohexane 

Methyl cyclohexane 

Methyl alcohol 

Ethyl alcohol 

Propyl alcohol 

Isopropyl alcohol . . . 

Butyl alcohol 

Isobutyl alcohol . . . . 

Amyl alcohol 

Isoamyl alcohol . . . . 

Acetaldehyde 

Methyl ethjd ether. 

Diethyl ether 

Divinyl ether 


Ignition limit, 
vol. % 

Material 

Ignition limit, 
vol. % 

Lower 

Ux)per 


Lower 

Upper 

5.00 

15.00 

Acetone 

2.55 

12.80 

3.22 

12.45 

Methyl ethyl ketone 

1.81 

9.50 

2.37 

9.50 

Methyl propyl ketone. . . 

1.55 

8.15 

1 .86 

8.41 

Methyl butyl ketone 

1.22 

8.00 

1.80 

8.44 




1.40 

7.80 

Methyl formate 

5.05 

22.70 

1.32 

— 

Ethyl formate 

2.75 

16.40 

1 . 25 

6.90 

Methyl acetate 

3.15 

15.60 

1.00 

6.00 

Ethyl acetate 

2.18 

11.40 

0.U5 

— 




0.83 

— 

Propyl acetate 

2.05 

— 

0.67 

— 

Isopropyl acetate 

2.00 

— 



Butyl acetate 

1.70 

— 

2.75 

28.fi0 

Amyl acetate 

1.10 

— 

2.00 

11.10 




1.70 

9.00 

TTydrogon 

4.00 

74.20 

1 . 60 



( ^n.rhon monoxide 

12 50 

74 20 



Ammonia 

15.50 

27.00 

2.50 

80.00 






Ethylene oxide 

3.00 

80.00 

1 .41 

6.75 

Proi)vlene oxide 

2.00 

22.00 

1.27 

6.75 

Dioxaiui 

1.97 

22.25 

1 .00 

6.00 

1 Diethyl jH'roxidc 

2.34 

— 

2 . 40 

10.40 

(Carbon disulj)hide 

1 . 25 

50 . 00 

1 .33 

8.35 

Hydrogen sulphide 

4.30 

45.50 

1.15 

— 

Carbon oxysidphide. . . . 

11.90 

28.50 

6.72 

36.50 

Methyl chloride 

8.25 

18.70 

3.28 

18.95 

Vinyl chloride 

4.00 

21.70 



Ethyl chloride 

4.00 

14.80 

2 . 55 



Amyl chloride 

1.40 



2.65 

— 




1.70 

— 

A(ad,ylene di chloride 



1.68 

— 

(C 2 H.CL) 

9.70 

12.80 

1.19 

— 

Ethylene di chloride 



1.20 



(CoITJd-.) 

6 . 20 

15.90 



Methyl bromide 

13.50 

14.50 

3.97 

57.00 

Ethyl bromide. 

6.75 

11.25 

2.00 

10.10 




1.85 

36.50 




1.70 



27.00 
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For many practical conclusions, we refer to the original work by 
Jones in Table 26. For literature as well as for other information, 
see the work by Jones as well as by Landolt-Bomstein, the '^Tables 
Annuelles” and Bone and Townend, Flame and Combustion in Gases.'' 

9. Influence of Mixtures on Ignition Limits —There is extensive 
experimental material covering the influence of mixtures on ignition 
limits. We have already mentioned certain observations elsewhere 
(c/. the ignition limits of fuel-air, and fuel-oxygen, page 110). Some 
observations can also be gained from the investigations of combustion 
velocities by Bunte and associates (c/. the notes on pages 72, 121), e.gr., 
the narrowing of the ignition limits when C ()2 is substituted for air- 
nitrogen and, conversely, the limits are widened by substituting rare 
gases for nitrogen (c/. page 130). 

The question regarding the influencing of 
the ignition limits is in many respecfl-s of 
importance, especially, of course, with refer- 
ence to the prevention of explosion. Work- 
ing with combustible gases and damps cannot 
be avoided, but any danger of explosion \vould 
be excluded from the start if it were possible 
to put them beyond the range of ignition 
when mixed with air by mixing them with 
suitable substances. Because of the funda- 
mental natuixi of this question, we shall con- 
sider whether a theoretical prediction in this 
direction can be made. We know (Chaps. VIII, IX, and XI) that the 
explosion limits for the spontaneous ignition of gas mixtures can be 
changed considerably by the addition of small (juaiitities of chain-breaking 
substances. The most pracitical example of the suppression of spontane- 
ous reactions is the effect of the antiknock (compounds, especially that of 
lead tetraethyl. In tlie effect of these sul)stances, the following seems to 
take place (something like Fig. 87) : If we imagine the reaction velocity for 
a reaction of that kind plotti^d as a function of time, we shall obtain the 
usual course. The rise in velocity, at least for the initial stage, is in many 
cases conditioned by the rise in concentration of active particles, n, which 
is due to chain-branching (cf. Chap. VIII). In the very beginning, there 
are only very few of these aeflive particles, and if they can be eliminated by 
means of suitable substancjes, chain-branching is averted and the explosion 
is obviously suppressed. That this can be achieved under certain 
circumstances with very small quantities of added material is perhaps 
due to the fact that these materials are effective at a very early stage of 
conversion when the concentration of active particles is still small. 
Lead tetraethyl is effective in concentrations of about 10”^ in relation 
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Fid. 95. — Variations in the 
tomperatnre and concentration 
■n of active particles in the flame 
front, schematic. 
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to the fuel. If we now attempt to prevent the propagation of an explo- 
sion by means of the same materials, the result is shown in Fig. 95. 
We again draw the structure of the flame front in the usual way. Near 
T the concentration of active particles, n, is shown. Obviously the 
material that has been added in small amount could, in the zone of lower 
temperature and lower concentration of active particles, snatch these 



Fig. 96. — Ignition range of the system H 2 — Oz- NHa. {From Joriasen and Onkiehong, 

lice. trav. chim., vol. 45.) 



Fig. 97. — Ignition range of H 2 — NO — CI 2 . [From Jorissen, Chem. Weekhlad., vol. 33 (1936) .] 


particles away and suppress the reaction. The difference from spon- 
taneous ignition consists in this, however, that in the latter the reaction 
is actually suppressed with the snatching away of the first centers of 
activity; whereas, in the hotter neighboring layers, new centers con- 
stantly are added by diffusion, the concentration of which, especially 
in the hot burned gases will never fall below the equilibrium value. As 
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a result, it is to be expected that the same small additions can, to be 
sure, occasionally reduce the flame velocity somewhat (c/. page 122 ) but 
in such small concentrations that they will be able to influence the 
ignition limits very little. 

Ignition limits of mixtures have been investigated especially by 
Jorissen and associates.^ Several examples are offered. Figure 96 shows 
the system NH 3 — H 2 — O 2 .* Figure 97 shows the system H 2 — NO — CI 2 
with a remarkable pattern of the limits. 

Of special interest, naturally, are the ex- 
periments on the effect of small additions 
(Jorissen, Booy, and van Heiningen, cited 
page 135 ; J orissen and Hermans, cited page 
135). For the suppression of methane 
explosions, ethyl iodide and silicon tetra- 
chloride were relatively effective; POCI 3 
was most effective. In Fig. 98, we present 
the explosion range for methane-air-iso- 
amylbromide, from which the relative 
effectiveness of this substance can be seen. 

Other organic halides have a similar effect. In the data of Fig. 98, it 
should be observed that we are dealing with percentages of amylbromide 
in a fuel-air mixture, not related to the fuel alone; in spite of that fact, the 
effective additions are rclativtJy low. 

Ignition limits for the mixture ethylene-oxide-air with a mixture of CO 2 
are given by Peters and Oanter.^ The ignition ranges for a number of fuel 
systems are also compiled in the monograph by Lewis and v. Elbe (cited 
page 137). For the influence of hydrogen on explosion, cf, Nagai,® and 
for the fundamental question of extinguishing, cf. Dufraisse.^-^ 

* Jorissen, W.P., Numerous works in Bee. trav. chirn. since 1924; of more recent 
works, see, among others, K. Posthumus, live. trav. chim., 49, 309 (1930). Boot, J., 
Rec. trav. chim., 49, 866 (1930), Jorissen, Boot, and J. van Heiningen, Rec. trav. 
chim., 49, 877 (1930). Jorissen and Belinfante, A.H., Rec. trav. chim., 61, 853 
(1932). Jorissen, Boot, and van Heinincjen, Rec. trav. chim.., 61, 868 (1932). 
Jorissen and J.J. Hermans, Rec. trav. chim., 62, 271 (1933). Jorissen and A.A. van 
DER Dussen, Rcc. trav. chim., 62, 327 (1933). Jorissen, A.A. van der Dussisn, 
W.P.M. Matla, and J.IT. de Liefde, Rec. trav. chim., 62, 403 (1933). J.J. van der 
Wal, Rec. trav. chim., 63, 97 (1934). Drop, J., Rcc. trav. chim., 64, 671 (1935). 
Jorissen, Rec. trav. chim., 64, 888 (1935). Drop, J., Rec. trav. chim., 66, 71, 86 (1937). 
Lindeijer, E.W., Rec. trav. chim., 66, 97, 105 (1937). Jorissen, Chem. Weekhlad., 
33, 83 (1936). 

* Jorissen, W.P., and B.L. Onkieiiong, Rec. trav. chim., 46, 228 (1926). 

* Peters, G., and W. Ganter, Z. angew. Chem., 61, 29 (1938). 

*Nagai, Rept. Aeronaut. Research Inst. Tdkyo Imp. Univ., 2, 249, 259, 275 (1927); 
Proc. Imp. Acad. Tdkyo, 4, 154 (1928). 

* Dufraissb, C., and J. LeBraz, Compt. rend., 199, 75 (1934). 

® Ternare and quatemare Zundgebiete, see also A. la Fleur, Rec, trav. chim., 66, 
433 (1937). 
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CHAPTER IV 

EXPLOSIONS IN CLOSED CHAMBERS 


1. Summary of Flame Propagation Phenomena in Closed Chambers. 

It has be(m convenient for the time being to omit all complications that 
are affected by a change of pressure during combustion. Thus flame 
propagation in closed chambers was excluded from consideration in the 
preceding chapter. In addition to the change in pressure, which brings 
into play not merely one value for the combustion velocity but rather a 
multiplicity of combustion velocities at various pressures and tempera- 
tures, the gas currents in such cases are also generally more complicated 
than in open tubes. These phenomena, which are naturally very impor- 
tant for their practical application, will now be considered. 

The expansion of the burning gases results in a characteristic move- 
ment of each element of the gas. Let us imagine (Fig. 99) the explosive 

mixture enclosed in a tube and ignited at the 
left end. A gas particle in the tube, let us 
say at P, is, as long as the flame has not yet 
reached it, driven to the right by the expand- 
ing gases. From the moment in whicih the 
flame front has passed the volume element at P, it will move to the 
left, i.e., always away from the burning zone; for now the gas expands to 
the right, while that to the left is compressed. As long as no uneven 
cooling takes place and no oscillations occur, it would have to come to 
rest again finally at P* The same is true for the spread of the flame 
in a sphere, with ignition at the center. Here the cooling, up to the end 
of the combustion, is relatively much less than in a tube, since the hot 
combustion gases touch the wall only after complete combustion, and 
since the heat conduction from the inside does not travel more rapidly 
than the flame. As long as the flame has not yet reached the wall, no 
direct loss of heat by conduction takes place; loss of heat occurs solely 
by radiation, and conduction comes into play only indirectly. The 
unburned fresh gas is adiabatically compressed by the expanding burning 
gases and thus heated. A part of this heat can be given off to the outside 
by conduction. The compression of the fresh gas by the expanding 
burning gas and the compression of the gas burned at first by the gas 

* We shall see later that, even when cooling is disregarded, a fundamentally 
uneven temperature distribution results; therefore the gas particle cannot come to 
rest exactly in its former position. 
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burning later also cause a temperature decrease within the burned gases 
to such an extent that the gas burned at first (the inside of the spherical 
bomb) is hotter at completed combustion than the part burned last — 
indeed, under certain circumstances, considerably hotter, sometimes by 
hundreds of degrees (up to 900°). ^ Because of this temperature gradient, 
the maximum pressure in an explosion in a closed bomb is continuously a 
little lower than the value theoretically possible at an evenly distributed 
temperature. The reason for this is the increase in specific heat with 
the temperature. The fact that the temperature at the end of the com- 
bustion is considerably higher in the neighborhood of the place of ignition 
than at a distance from it has the further effect of causing the hot gases 
to flame up greatly there once more toward the end of the combustion. 
This phenomenon is often observed and is known as ‘^aftor-burning,^^*^ 
because it was at first assumed that another reaction took place. Appar- 
ently, however, the existence of the great temperature gradient suffices 
to explain completely all observed phenomena (Lewis and v. Elbe), 
even the fact that after-burning^^ gases are al>le to ignite new fresh 
gas; for the hot after-l)urning gases will carry along, in addition to their 
heat energy, free radicals present in the thermal equilibrium. 

How the temperature gradient arises can be thought of qualitatively 
in the following manner, according to Lewis and v. Elbe. The combus- 
tion of every thin layer of gas (rf. page 148) can be regarded as taking 
place at practically constant j)rcssure, namely, the prevailing pressure 
at which the layer of gas expands from an initial volume to a terminal 
volume, which stands in the relation of the initial temperature Ta to the 
end temperature Ti, reached in the moment of combustion® in general, 
because of the compression effects already discussed (Ta and Ti are not 
identical with the initial temperature of the entire gas To and its average 
terminal temperature Te). Specifically, a volume of gas at the point 
of ignition will burn under the initial pressure po, and a volume in immedi- 
ate proximity to the wall will burn under the terminal pressure The 
volume in the center performs work on the surrounding gas mass during 
the expansion at the pressure po. In other words, it is then again com- 
pressed to approximately its initial volume by a pressure rise from 

^ First demonstrated experimentally by Hopkinson [Proc, Roy. JSoc. London, A, 
77, 387 (1900)], theoretically treated by Flamm and Mache [Wien. Ber., 126, 9 (1917)]. 
Cf. also Mache, H., “Die Physik der Verbrennungserscheinuiigon.” Lewis, B., and 
G. V. Elbe, J. Chem. Phys., 2, 659, 665 (1934). Also “Combustion, Flames and 
Explosions of Gases.” Such a decrease in temperature appears also in the combustion 
of engines (cf. Chap. XII). 

* Ellis, O.C. de C., and R.V. Wheeler, J. Chem. Soc., 1927, p. 310; 1931, p. 
2467. Ellis, O.C. de C., and E. Morgan, Trans. Faraday Soc., 30, 287 (1934). 

* Multiplied by a factor that takes account of the change of the mol-number in 
case the reaction takes place during a change of the mol-number. 
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po to pej the average being at essentially higher pressures. As a result, 
the volume element gives off less energy to the remaining gas mass than 
it later takes up again. It must therefore be hotter at the end than the 
average temperature of the entire gas mass. Conversely, a volume 
element near the edge is compressed at pressures between po and pc, 
but it expands again at the highest pressure pc. As a result, it gives off 
more energy at expansion than it has taken up during compression. 
It will therefore be colder at the conclusion than its average temperature. 

According to Lewis and v. Elbe, this temperature gradient expresses 
itself in a characteristic manner in the cooling curve obtained in bomb 
explosions, namely (Fig. 100), by a hump at A. At the moment in 
which the burning zone has reached the wall, there is first of all a con- 
siderable cooling, at 1 in Fig. 100. The cooling velocity would then 

decrease, and there would be an exponential 
decrease of the temperature (dotted curve). 
Actually, however, the stronger heat flow 
tliat comes from the inner hotter layers now 
becomes noticeable. Once more there is a 
strong (k^crease in temperature and only then 
an approximately exponential decline. In 
the actual pressure diagrams of bomb explo- 
sions, this course of events is clearly visible 
only when the conductivity is relatively large 
and the time of c.ooling short. When the 
conductivity is low, the curve is extended in 
the direction of the time axis; and the hump at A, although present, is 
not very striking. 

In addition to the effects of compression, which can generally be 
neglected in open chambers (except in the case of flames with a velocity 
greater than sound or in the case of detonations), the currents of the 
gas as a whole as well as the shock Avaves resulting from the progress 
of the flame in combustion in closed chambers play an even more impor- 
tant role {cf. on this point Chap. V). Because of these phenomena, 
photographs are obtained like those in Figs. 101a and 101 with not too 
slowly burning gas mixtures ignited in closed chambers. In one photo- 
graph, the combustion of 2CO + O 2 is shown in a horizontal tube 35 cm 
in length and 2 cm in diameter with ignition at one end. In the other, 
the flame was photographed in a mixture consisting of 12 parts of acety- 
lene and 88 parts of a mixture of 2CO + O 2 with ignition in the middle 
of the tube. Both photographs show the same thing. The progressing 
flame, initially accelerated, is suddenly and so greatly retarded that 
the direction of propagation is momentarily reversed. This phenomenon 
repeats several times. The reason for this can easily be seen by observing 


f 



Fig. 1 00. — Pressure-time 
curve in bomb explosions, sche- 
matic. {From Lewis and v. 
Elbe.) 



139 


EXPLOSIONS IN CWSED CHAMBERS 

the photograph of the burned gases, a zigzag track along which the burned 
gases flame up again and again. From the gradient of the path, values 
for the velocity of this process of the order of magnitude of 1000 m/sec 
result, i.e., the order of magnitude of the velocity of sound in the burned 
gases. The velocity gradually declines, chiefly as the result of the cooling 
of the gases, as can be seen from the ever-increasing inclination of the 
zigzag track. Only one shock wave comes into consideration as a 


I 



Fig. lOla. — Flame of 2CO + O 2 at 
iKnition at the end of a closed tube; ver- 
tical lilies at intervals of 5 cm, vertical 
time marks in Hooo see. (From Bone 
and Fraser.) 



Fig. 1016. — Flame of I 2 C 2 H 2 -f 
SS(2CO •+• O 2 ) at ignition in the center 
of a clo.scd tube. [From. Hone and Fraser f 
Phil. Trans. Roy. Soc. London, vol. 228 
(1928).] 


process that propagates Avith this velocity. Its velocity is dependent 
on the shock pressure and is always greater than the velocity of sound 
(c/. Chap. V). If the shock pressure is small, the velocity of the shock 
wave is only a little greater than that of sound, Avhich can generally 
be assumed for shock waves accompanying flames in closed tubes. 

It was formerly assumed that these shock Avaves had their origin 
in the ignition spark. Normally, however, this might not be the case. 
To be sure, every spark may initiate a shock AvaA^e; but the amplitude 
of the latter is in general too small to be responsible for the observed 
disturbances. Rather, the accelerated progressing flame is itself the 
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cause of the more intensive shock wave. As will be shown in Chap. V, 
page 164, the compression of a gas in a cylindrical chamber effects the 
appearing of a shock wave by means of a piston rapidly introduced. 
This “ piston is in this case the expanding hot combustion gases. Also 
the appearing of the shock wave can be directly shown experimentally, 
namely, by means of ^^schliercn photographs/’ which, even in non-self- 



a h c 

Fig. 102o-c. — Flame photograph (I 5 C 2 H 4 + 85O2); at the left, ordinary flame 
photograph. In the center, .schlioren photograph. At the right, sketch of the processes: 
jS, ignition spark; F, flame front; A, percussion wave originating in front of the flame front 
(after reflection li, 7F, (7, . . .) ; length of tube 30 cm. {From Payman and Titman, Proc. 
Hoy. Soc. London, A, vol. 152.) 

illuminating gases, show irregularities of density (Fig. 102). ^ Here 
photographs of explosions of a mixture of 15 per cent ethylene in oxygen 
are reproduced. The first photograph is an ordinary flame photograph 
that shows the well-known disturbances by shock waves. Figure 1026 
shows the same process, though photographed not by its own light but 
rather as a ^^schlieren photograph.” Here the same phenomena can be 
seen as in the preceding photograph; but, in addition, the shock wave that 
has formed in the unburned gas ahead of the flame front has been reflected 

1 Payman, W., Proc. Roy. Soc. London, A, 120, 90 (1928). Payman, Robinson, 
and Shepherd, Safety in Mines Research Board Papers 18, 1926; 29, 1927. Payman, 
W., and H. Titman, Proc. Roy. Soc. London, A, 152, 418 (1935). Payman and W. C. 
Furness, Proc. Roy. Soc, London, A, 168, 348 (1937). Cf. also Jouguet, E., Chaleur 
et ind., 1939. 
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at the other end of the tube and has thereafter struck the flame front and 
disturbed it. As can be seen from Fig. 102, the course of the shock waves 
is rather complicated. This is due to the fact that, as long as the com- 
bustion is not completed, there are gases of different temperatures in 
which the velocity of sound is also different; in passing through the burn- 
ing surface, the track of the shock wave is therefore broken. Further, 
gas currents are present ; the compression to wdiich the shock wave owes 
its origin causes a flow in the fresh gas (which can be proved directly, 
cj. pages 143-144). As a result, the shock wave, by reflection at the 



Figs. 103a and h. — Aulo-ignition by a percussion wave in 2CO -f O 2 , which originated 
spontaneously and was reflected at the left end of the tube. Flame photograph at the 
left; schlicren photograph at the right. (Length of tube 30 cm.) {From Payman and 
Titman, p. 139.) 

end of the tube, for example, changes its absolute velocity relative to tlie 
chamber, since the velocity of the gas flow must be added to the wave 
velocity relative to the gas at one time but must be subtracted from it at 
another time. Just as shock waves of greater intensity can lead to the 
ignition of unburned gases and to detonation (Chap. V, pages 195^.), so 
the shock waves appearing in the propagation of flames can also some- 
times cause an auto-ignition of the gas even without detonation, especially 
in the reflection of the shock waves at the end of the tube (c/. Fig. 103). 
Observations of this kind are of importance in engine knocking. Such 
shock waves, by the way, were observed in burning gases very early. The 
first photographs, which showed all the details, even the oscillating move- 
ments of the glowing gas particles, were made by v. Oettingen and 
Gernet,! who photographed the oxygen-hydrogen explosions by means of 
a rotating mirror in a fixed plate. Since at that time the plates were 

* V. Oettingen, and Gbrnet, Ann. Phys. Chem., 33, 586 (1888). 
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not sensitive enough for this rapid process, they produced a brightly 
colored, illuminated flame by the addition of copper chloride. 

Similar disturbances, but of a much milder sort, might be responsible 
for the retardation that the movement of a flame experiences after 
ignition. A flow reflected at the other end of the tube 
retards the movement of the flame. This backward 
flow can under certain circumstances be increased by 
the cooling of the hot gases behind the flame front. 
A characteristic photograph that shows this phenome- 
non is reproduced in Fig. 104, after Bone and Fraser 
(a great number of similar photographs, taken under 
the most varied conditions, may be found in Bone, 
cited page 155). The flow responsible for this is 
shown particularly clearly in photographs by H. 
Schulze (cf, page 143). 

If the gas pressure in flames containing shock 
Avaves wore recorded, an os(;illation would be obtained 
overlapping the normal curve for pressure rise, as it 
is observed, for example, in knocking combustion in 
engines. In itself, it is possible that oscillations of 
that kind ax3pear also in explosions in spherical cham- 
l)ei*s with i gnition in the center. II owever , gas oscilla- 
tions as they appear in that kind of explosion are to be 
differentiated from those caused by shock waves. 
Such gas oscillations cannot l)e occasioned by a shock 
wave (paused by a fast flame. Lewis and v. Elbe 
discuss this phenomenon, which has also been observed 
by others.^ Oscillations of that kind appear espe- 
cially in oxygen-hydrogen explosions Avith excess nitro- 
gen or oxygen, but not Avith excess hydrogen or argon. 
Since it is the sloAV-burning, not the (luick-burning, 
mixtures that show the oscillations, it is actually quite 
improbable that a shock Avave initiated by the flame movement could be 
the cause. Lewis and v. Elbe therefore suggest the folloAving explanation. 
From measurements on the dispersion of sound, it is known- that the stimu- 
lus of degrees of freedom of molecules of tAVo or more atoms of oscillation 
requires time. Until an equilibrium between the kinetic energy of the 

^ Lewis, B., and G. v. Elbe, J. Cheni. Phys., 3 , 63 (1935). Cf. also Campbell, 
Littler, and Whitworth, Chern. Soc.^ 1932, p. 339. Morgan, Phil. Mag.^ (6), 
53 , 1161 (1927). Maxwell and R.V. Wheeler, Ind. Eng. Chem.j 20 , 1041 (1928). 

* Kneser, Ann. Physik, 11 , 761, 777 (1931); 16 , 377 (1933). Physik. Z., 32 , 179 
(1931). Z. Physik^ 77 , 649 (1932). Eucken, A., Mucke, and R. Becker, Natur- 
wissenschoftrn, 20 , 85 (1932). Eucken, A., and R. Becker, Z. physik. Chem., Sec. 
B, 27 , 219, 235 (1934) and others. 



Fia. 104. — i'lame 
photograph of CO-O 2 
with ignition in the 
center of a cloaod 
tube; characteriKtic 
retardation of tl 
flame movomoiit; “i 
sort” in the; flan 
picture. [From 7i« 
and Frazer, Phil. 
Trans. Roy. Soc. 
London, A, vol. 228 
(1928).] 
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movement of the center of gravity and the energy of the oscillations has been 
effected, up to 10® gas-kinetic shocks can have occurred in extreme cases. 
If, for example, at the end of a bomb explosion, the molecular oscillations 
have not yet been completely stimulated, the energy of the movement of 
the center of gravity has left a greater share than in equilibrium; and as a 
result '' temperature '' and pressure must be somewhat higher at the end 
than the equilibrium that has come about. ^ If, in the portion of the gas 
mixture burned first, the oscillation energy is not full}^ stimulated at the 
beginning, its temperature and its volume are at first higher than the 
equilibrium (c/. page 240). When the molecular oscillations are fully 
stimulated, a contraction is added to the compression that this portion 
experiences anyhow during the progress of the explosion. It would 
not be impossible for sucli a contraction to give rise to the appearance of 
gas oscillations. This explanation is not absolutely binding — one could 
also imagine that the stimulus of the inner degrees of freedom and the 
contraction connected Avuth it would take place so continuously that no 
oscillations could be stimulated by it — but no other simple explanation 
can be found for this phenomenon. 

Perhaps the following attemi)t at an explanation is worth consider- 
ing.^ If, in a closed container in which a flame is progressing, a weak 
gas oscillation is stimulated, the reaction velocity is always increased 
if a densification passes the reaction zone, and thus the rise in pressure 
is increased. The reverse is true for the troughs of the wave. Waves in 
such a sj^stem must amplify themselves, and it would not be implausible 
that just such a process took place in slow-burning systems, where the 
wave often passes across the flame front. 

Oscillations of the manoim'ter that was used cannot have simulated 
this effect. This is a possibility of distuibance that ap]X'ared especially 
in older investigations but can I)e eliminat<‘d by the use of manometers 
of sufficiently high frequenc;y. In the observations of Lewis and v. Elbe, 
the same oscillations rcisulted when various manometers were applied, a 
direct proof that the oscillations cannot have been due to a property 
of the manometer. 

Since the greater disturbances that, are effective as shock waves can 
made visible by means of schlieren photogi-aphs, direct observations are also 
possible for the gas currents in milder (explosions. Flamci photographs that 
Ellis® and associates made according to the method of instantaneous shots 
show that in closed chambers the flame front assumes remarkable foims 
that are apparently caused by the compressed fresh gas flowing toward it 

1 WoHL, K., and M. Magat, Z, physik. Chem., Bcc. B, 19, 117 (1932). 

® For the following material, in a somewhat different connection, the author is 
indebted to H. Schulze, Benzol-Verband, Bochum. 

* Ellis, O.C. de C., Fuel, 7, 452 (1928). 
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This phenomenon has been clarified especially by H. Schulze (Fig. 
105) by means of (unpublished) slow-motion photographs — 1200 pictures 
per second. The pictures show that, with the fresh gas streaming toward 
it, whole sections of unburned gas can also get behind the flame front, 
where they then burn. This can be seen on ordinary pictures of flames — 
on moving-picture film — in the form of shining streaks frequently 
observed but never explained that move in the opposite direction from 
the flame front. 

The movement in the fresh gas during the progress of the flame 
can be seen especially clearly in experiments by Pfllis,^ who ignited the 
gas in a closed tube and a short time after ignition had another spark 
introduced at a different place. The movement of the second flame shows 
the gas currents caused by the first. 




lil 




Fig. 105. — Flame movement in benzol-air mixtures (20 per cent super-rich) in a tube 
6 cm in diameter (of which 4 cm were exposed for photographing). Taken with Thun's 
high-speed camera (1240 framos/scc). After the initial stages a “tipping" of the flame 
front takes place; on the inside of the tube a strong flow directed against the flame; corre- 
sponding flame form (like a Bunsen cone burning downward). The luminous spots visible 
at lower right might be due to*tho combustion of fresh gas that has been conducted behind 
the flame front by this gas current. (Courlcsy of Mr. H. Schulze, Benzol Association.) 


2. Rate of Increase in Pressure and Flame Velocity, — Even though it 
is possible to register the progress of explosions in closed chambers 
photographically through windows, the more important method is 
the recording of pn^ssure. Pressure recording is the usual method for 
observing the course of combustion in internal-combustion engines. It 
is further absolutely necessary in the use of l)omb explosions for deter- 
mining the specific; heats of gases, by which, from the recorded maximum 
pressure, the maximum temperature is computed. From this, given 
the heat of the reaction, the average specific heats of the reaction products 
between room temperature and reaction temperature are computed. 
In the computation, attention should be paid to the fact that the con- 
version will in general be incomplete on account of reaching an equilibrium 
and that in addition the reaction products can be dissociated. In the 
oxygen-hydrogen explosion, for example, 


( 1 ) 


2 H 2 + Oo = 2H2() 


an equilibrium will be reached, according to 1 ; but II 2 , O 2 , and 1120 are 
partly dissociated according to 

1 Ellis, O.C. de C., Fuel, 7, 452 (1928). 
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( 2 ) ll2T±2n 

(3) O 2 20 

(4) H 2 O ^ + OH 

It is not possiblo to dotermino all theso cntitios from a single explosion. 
It will therefore be necessary to draw upon other facts gained by experi- 
ence, which we shall discuss at greater length when treating the computa- 
tion of maximum flame temperatures {cf. pages 224/.). Since the 
explosion method has been applied practically at only a few places to 
determine specific heat, the important problem for wider circles is pre- 
cisely the reverse — to compute the maximum temperature of the maxi- 
mum pressure from known data on specific heat, heat of reaction; and 
equilibria of dissociation. Moreover, this should take place under 
prescribed external conditions — at constant volume in the (;ase of bomb 
explosions, at constant pressure in the case of free-burning flames, and 
with varying volume in some cases for the conditions of the working 
stroke of an internal-combustion engine. 

Space prevents a detailed consideration of piessure indicators used 
with engines. For bomb explosions, suitable forms of membrane 
manometers are generally employed in which a light beam is deflected 
by the deflection of the membrane and thrown upon a mirror connected 
with the membrane. As far as the experimental technique for bomb 
explosions is concerned, especially the measurement of the pressure, we 
can only refer the reader to the original works. ^ For the purpose of 
recording pressure witJiout inertia, the piezoelectric method employing 
quartz crystals is gaining in importance.^ 

Pressure measurements of course also show the time factor of an 
explosion in a closed (chamber. It is possible also to draw conclusions 
as to average flame velocity from the total time of the explosions as well 
as to deduce the flame velocity at any moment from the rate of the 
pressure rise. We shall here derive the formulas necessary for approxi- 
mate estimates. Let us take a spherical bomb of the radius Ro, Let 
it be ignited in the center at the time i — 0. Let the initial pressure be 
Po, the maximum pressure at complete combustion pc] and, up to a certain 
point of time /, in which the portion a of the entire gas has exploded, let 
the pressure p prevail. The most reasonable and at the same time sim- 
plest equation is to make the relative rise in pressure (p — po)/(Pc — po) 

^ Pier, M., Z. physik. Chevi.y 62 , 385 (1908). Z. Klcktrochem.^ 16 , 536 (1909). 
WoHL, K., and G. v. Elbe, Z. physik. Chem.j Sec. B, 6, 241 (1929). Wohl, K., and 
M. Magat, Z. physik. Chem., Sec. B, 19 , 536 (1932). Lewis, B., and G. v. Elbe, 
J. Am. Chem. Soc., 66, 504 (1933); cf. especially “Combustion, Flames and Explo- 
sions of Gascs.’^ Cf. also the monographs by Bone, Nowitt, and Townend. 

* Kluge, J., and H.E. Linkh, Z. Ver. deui. Ing., 73 , 1311 (1929); 74 , 887 (1930); 
Forsch. Gehiete Ingenieurw.., 2 , 153 (1931); Z. instrumentenk., 62 , 177 (1932); Forsch. 
Gebiete Ingenieurw.y 4 , 177 (1933). 
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proportional to the relative conversion a 


p - Vo 

a = ^ 

Ve - Po 


( 1 ) 


This equation would be valid, for example, if the conversion were equally 
distributed over the entire volume and if the specific heats did not 
depend on the temperature. In reality, this is not the case, and thus 
(1) can be only an approximation. It will be shown later, however, 
that, by means of reasonable omissions and a stricter calculation, it is 
possible to return to (1). We can therefore employ this equation for an, 
analysis of the combustion process in bombs for the time being without 
hesitation. 


If a pressure-time curve of a bomb explosion takes the course shown in Fig. 106, 
it follows that the mass conversion velocity increases as the explosion progresses. 

This is due in great part to t he increase in area of the burn- 
ing surface. In order to find the actual burning velocity, 
we must compute the position of tlu^ burning surface? using 
the pressure, the dogr(;e of conversion a, and the known 
dimensions of the bomb (radius Ho). For this purpose, we 
pr()ce(‘d in the following manner, according to Lewis and 
V. Elbe.* Before? combustion, let the portion « of the gas 
have been within the sphere with the radius Hq; then there 
was 



I’ici. ICXi. 
and with (1) 


= r 

J I - P«) 


( 2 ) 

(3) 


The radius re of the sphere that, takes in the same gas mass is obtained as the difference 
of the entire volume of the sphere and of the portion still unburned at the time t is 
obtained from 



In this, the second member to the right represents the volume of the unburned portion 
(1 — a). For if Zmi is the entire mol mass present at the beginning of the experi- 
ment* and T is the temperature of the unburned gas at the time i (as a result of 
adiabatic compression by means of the progressing flame T > To, if To was the initial 
tcinperaturc; cj. page 137), the following is valid for the volume v according to the 
laws of gases. 

pv = 2m^(l — a)RT 

^ Lewis, B., and G. v. Elbe, J. Chem. Phys., 2, 283 (1934). Compare also ‘‘Com- 
bustion, Flames and Explosions of Gases,” as well as Fiock, E.F., and C.F. Marvin, 
Chetn. Rev., 21, 367 (1937). 

* ml is therefore the mol-number of the molecular type j. 
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(4) by means of (1) changes into 



V .Pe'-vRT 

/ 

^ Pe - PO P 


( 5 ) 


The entire volume HttRq can be expressed likewise according to the laws of gases by 
the mol-number ZwJ present in it at the temperature To and the pressure po 





0 


Po 


with (5) after division with and raising to the oruvthird power becomes 


H. 

li{) 


Vo p. 
P Pc 


po i\) 


( 6 ) 


On the right side, in addition to T, are only dir('(*tly measured entities; T is the tem- 
perature that the fresh gas originally at To has takcai, owing to adiabatic compression 
from Po to p. Therefore 


T = 



( 7 ) 


if K = Cp/cr is the relation of the specific hcjats of (he fre li gas at constant pressure 
and constant volume. Jly employing (0) and (7), it i« now possible to obtain re 
as a function of time from a measured i^ressure-time diagram, drjdt would be the 
flame velocity in the bomb, Vf. The normal comlmstion velo(at 3 M;„ is obtained from 
this in the following manner. According to (2) or (3), we (;an directly obtain the 
radius ro of the sphere that was occupied at the beginning of the experiment by the gas 
mass burned up to the time and we can obtain dro/di from a diagram of ro against t. 
This is for the time being only an arithmetical entity and gives ( Jh‘ (‘ombustion velocity 
reduced to the volume at the bi^giniiing of the experinumt. The volume of a spherical 
shell with the radius ro and the thickness dro is 


4rrrJ dro 

In the moment in which this shell is reached by the flame, it is (expanded to the greater 
value Te, it has assumed the temperature 7", and it is under the pressure p. Its volume 
is therefore now 

A 2 1 7’ 

47rro dro — — ' 
p Jo 


In the time dt, the burning zone progresses toward the unburiud gas mixture Vn dt. 
If we have chosen the thickness of the original gas layer so that the flame passes 
through it in the time d/, then clearly 


47rrp'n dt — An^rl dro 


p To 


or 



( 8 ) 


in which we have substituted for T /To the value (7). The above equations suffice 
for the computation of Vn from recorded pressure-time curves. The method is of 
general applicability but has up to this time been used only by Lewis and v. Elbe^ 
for the evaluation of ozone explosions. 

^ Lewis, B., and G. v. Elbe, ./. Chem. Phys,y 2, 283 (1934). 
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Normal combustion velocities for ozone explosions (in the presence 
of oxygen) computed in this manner are given in Table 27. 


Table 27 


m* = 3.05 

m = 1.5 

m = 1.02 

p, mm 

Hg 

abs 

Vny 

cm /sec 

Py mm 

Hg 

7” abs 

Vn, 

cm /sec 

p, mm 

Hg 

r° abs 

Vn, 

cm / sec 

624 

300 

55 

367 

301 

141 

492 

302 

160 

1353 

301 

100 

1045 

376 

282 

958 

317 

309 

2499 

427 

158 

2627 

477 

563 

1469 

411 

615 







4440 

486 

780 


* l02l/[Oal = m. 


It need hardly be mentioned that conversely in the same manner 
also the velocity of the pressure rise in a bomb explosion could be com- 
puted in advance, insofar as Vn were known as a function of initial pressure 

and temperature. 

3. Theory of Pressure Increase 
and Temperature Gradient in Bomb 
Explosions, According to Mache. — 
At this point, we should like to take 
up the mon^ exact theory of the pres- 
sure increase in bomb explosions, 
which is to be sure elementary but 
somewhat intricate. We shall follow 
Mache^ and Lewis and v. JOlbc (cited 
page 119). First we shall (;all atten- 
tion to Fig. 107 and recall the qualita- 
tive picture. In it are graphed 
pressure and temperature in the gas 
as a function of the radius r (bomb 
radius Ro) at various times, namely, 
for the moment of ignition (t = 0) 
as well a-s later. Further, there is graphed the position of the flame front, 
which is at r = 0, r = ri, and r = Ro ior t = Oy t = hy and t = te (end 
of the combustion), respectively. The pressure is constant over the 
entire chamber (the small changes in pressures that do exist can be com- 
pletely ignored). The temperature is spatially constant in the unburned 
section but changes with the time. In the burned portion, it is not 
spatially constant. In the burning zone, it decreases suddenly. The 

* Mache, H., “Die Physik der Verbrennungserscheinungen.*^ Flamm, L., and 
H. Mache, Wien. Ber.y 126, 9 (1917). 



G T hzv\ p — T or p \ 

Fur = for / 

Fig. 107. - Variations in pre.ssure and 
temperature during explosion in a spheri- 
cal bomb, sclieiiuitic. Compare the text. 
Indices 0, 1 and e at p and T refer to the 
beginning, a middle condition, and the 
end of the explosion. 
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specific volume is not plotted. This is a function of T and p (as well 
as the possible change in mol-number in conversion). 

We must consider the changes in condition that appear in the com- 
bustion of a thin layer of gas (spherical shell) in the unburned as well as 
in the burned mixtures. The combustion of a thin layer whose volume is 
only a portion of the entire volume can be regarded as taking its course 
at practically constant pressure. During the combustion, the layer 
expands with a relation of terminal temperature to initial temperature 
multiplied by the *^mol quotient^’ iu, i.c., the relation of the number 
of molecules of the terminal product to the number of those in the initial 
products of reaction. 


M = 


Xmi 

Xml 


( 9 ) 


where Smj is the sum of the mol-numbers p^'csent before reaction, and 
Xml i*^ those present after the reaction. F or example, in oxygen-hydrogen 
combustion (insofar as complete conversion results) , 


211, + O, = 2 II 2 O 

H = 2 ^^. By means of the expansion of the burning layer, the fresh gas as 
well as the burned gas is somewhat adiabatically compressed. Thus the 
condition of the fresh gas (;an easily be determined at any moment, since 
its initial condition was known and since everything is determined by 
the rise in pressure. 

Tile situation is somewhat more complicated in the burned gas. 
Here every elementary layer is burned at a different initial temperature 
and a difi’erent initial pressure. Each was therefore also in a different 
initial condition when it was adiabatically compressed by the burning 
gases. A more detailed consideration is therefore required in determining 
the condition of the burned gases. We shall employ the terms as used 

47r 

above. In the bomb volume V = Rl, let Xml mols of initial material 

be present. Let the initial pressure and temperature be po and To. 
With completed explosion, let the maximum pressure pe be reached. 
The temperature of the imburned gas as well as its pressure at a certain 
time (independent of the place) will be designated by p and T, which 
of course are different from py and To except for the time t = 0. 

If a layer of gas that was at p, T burns, p (up to magnitudes of a 
higher order) remains unchanged; T rises to a value 0, corresponding to 
the liberated heat of reaction and depending on the initial values p, T, 
thus making it different for each layer at the moment of completed 
combustion.^ In the burned layer of gas, pressure and temperature 

‘ 0 is thus to be computed from P at a heat of reaction assumed to be known. The 
process is to be regarded as proceeding under constant pressure. 
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continue to rise until the end of the combustion to the terminal value 
fe independent of the place, and to a terminal value Be, which varies, 
like Ty from layer to layer. In the follo\ving table, these terms are 
given once more. 



Fresh gas 

Burned gases 

Time 

t = 0 

0< t< te 

0< 1<U 

t = te 

Pressure 

Po 

V 

P 

Pc 

Temperature 

T, 

T 

e(r) 

Oe(r) 

Specific heat 

i 


= F 


= cl/cl 


The entities designated Avith Greek (;hara(;tcrs ((ixcept k) are still 
functions of tlie distan(ie from the ccntcT of the sphc're; the others 
are spatially constant. Since i.he condition p, 7' of the fresh gas arises 
by means of adiabatic compression from the condition po, To, the folloAv- 
ing is valid if v and Vo are the corresponding volumes: 

1 — fco 1— *0 

= p?^*" or po /r/’o = p NT = Fo (10) 

in which Fo is only an abbreviation for the (‘xpression (10). Applied to 
the burned gas, an analogous adiabatic relation is obtained. 

pp RO = ^(r) (11) 

111 this, the factor p appears at the left because the mol-numbcr in this 
relation has been changed. As has been explained above, however, we 
can apply no general expression here since the initial condition is different 
from layer to layer. For that reason, the expression on the left side of 
(11) is not a constant but changes from layer to layer. 4>(r) is still a 
function of r. 

For an exact calculation, we should now take into account the fact 
that the reaction does not generally take a compk'te course and that the 
reaction products arc partly dissociated; further, that the specific heats 
and thus also k = Cp/Cv are not independemt of the temperature.^ In 
order to avoid complicating the derivations too much, we shall first 
disregard dissociation. Secondly we shall, to be sure, not regard the 
specific heats as completely constant, but avc shall assume for the fresh 
gas and for the burned gas in the temiierature interval considered a 
constant average value for Cp and for Cv. the choice of suitable 
average values, an error introduced in this manner could be kept quite 
small. 

^ By employing a numerical procedure, this is easily taken account of ; cf. Chap. 
XII. 
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We must now seek a further relation for the burned gases that permits 
us to determine # in Eq. (11). 

If cj is the average specific heat per mol of burned gas, the following 
adiabatic compression heat (from To to T) is conducted to it. 

cliT - To) (12) 

The most central volume element at the point of ignition burns at the 
lowest possible combustion temperature 0o. Every other gas layer that 
has been preheated by compression burns at a higher temperature 0. 
In this, the excess energy referred to the volume clement in the center, 
if cj is the average specific heat per mol of the burned gas (related to a 
mol of initial mixture), is 

/xc;(0 - 0o) (13) 

in which the factor fi takes care of the change of the mol-number by 
conversion. Now the excess energy that tht' second volume element, 
burned at the initial tcmperaturi' T, has over the first volume element 
is determined^ by the heat of compression conducted to it before; in 
other words, 


“ Oo) - c%T - To) (14) 

To repeat once more: In this ecpiation, T' and 0 are the temperatures, 
varying from concentric layer to layer, immediately Ix^fore and after 
combustion. To and Oo have fixed values. The first is the initial tem- 
perature, the second the combustion temperature of the very first layer 
to be computed from the initial temperature and heat of combustion. 
If Eq. (14) is changed around in such a way that only these fixed values 
appear on one side, the resulting expression for given initial conditions 
must be a constant whose value can l>e given as 

- c^To = Mcjo - err = K (15') 

^ This equation is not entirely eornn-t. For the .same reason that we give, Lewis 
and V. Elbe put Cp instead of in (12), (13), (M ), and the .sucecMHling equations, but 
this is not justifiable. Since no great error can occur if Cp is substituted for Cv in 
Eq. (14), we shall continue to use the substitution. Instc^ad, ther(fore, of starting 
from (15'), we shall use the analogous form (15), whicli u.ses Cp. Jt will l)e found that 
the succeeding expressions will b(‘ more easily integrated [the transition from (26) to 
(26') depends of course on the incideuital values of the coeflicients] and that an easy 
survey of the relations will re.sult. If a more exact cahuilation is de.sired, it is, of 
course, necessary to relinquish the (4osed form and to treat the problem numerically 
by thinking of the gas in the bomb as being divided into a number of layers, for 
instance, for each of which an average value of the temperature before and after 
combustion is computed. If a sufficient number of layers is chosen, any of the 
entities of interest can be computed to any desired degree of exactness. It would 
be somewhat cumbersome to compute the combuwstion velocity, but it would at any 
rate be possible. 
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For the reasons given in footnote 1 (page 151), we give Cp instead of Cv in 
Eq. (15'), thus 

AtcjOo — cJTo = — clT = K ( 15 ) 

This equation is to be regarded as an approximation. 


By means of this relation, we shall now obtain the function ^ from (11). By 
inserting (10) and (11) into (15), one obtains 



? _ r" K 

(16) 

and with 

Cp Cp K 



R Cp — Cr 1C — 1 


this becomes 

tlY/V U/V, ^ K — 0 

Kt ~ 1 Ko — 1 

(17) 

and from this 

,j, = r K + »(*«-■>/«./<’„ h'' “ ^ p(i-«,)/<. 

L Ko — 1 J K,, 

(18) 


We arc now interested in the condition of the burned gas at a dcdiiiite spot or for a 
volume clement that is burned after a known portion cv has boon converted. So far 
this spot is characterized only by the pnissurc p that i)r(wailed at combustion. We 
obtain a relation between p and a if w(i impose the condition that the total volume 
must remain constantly equal to the volume of the bomb even though tlui volumes of 
the fresh gas and the burned gases change. For the total volume, we can, to begin 
with, apply the equation of ideal gases (page 1 46) 

poF = ZrnlUTo (19) 

If the portion cv of the total gas is burned, and if 7’ is the temperature of the fresh gas 
at the pressure ;>, there is valid for the volume of the fresh gas V ii-a) 

pV{i-a) = Xmi(l — a)RT (20) 


For an element da of the burned gas, the gas equation is likewise valid. 


p dV — Xfnl da RO (21) 

Since O changes from element to element, the entire volume of the burned gases can 
be obtained only by integration over the ranges of variable temperature at 


Fa = 



and the condition for the constancy of the total volume 


( 22 ) 


becomes 


F(i_«) + Fa - V 



I 


RT 

?ag(l - cv) — + 

V 




(23) 


Since we do not have at our command an explicit relation between 0 and a, this 
expression is not very convenient. The temperatures T and 0, which go into (23), 
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can be expressed by (10) and (11), and we obtain 


/: 


^ da 


Rn 


pl/«e _ - ot) 


fo Po 

From this equation, we obtain by differentiation for 

11 . 1-fce 


= - F„ n - ') p(:.":^-0(i - „)] ^ 

L Po K V. K„J 'j da 


( 24 ) 


(25) 


If we insert Ihe value of 4> from (18), «e have a (lific-rcntial eciuafion for the degree of 
eonverision a a* a function of the momentary pie-ssure p 


K(k. -1) = ““ ^ 


^0 — 1 


-a)\f (26) 

*^0 J da 


Since 


L po 

A,, -. 

du da \ko — ] / 


(26) can be convert ('d into 


-.x RTodp d 

A {k, - 1 ) = — -I - — 

po da da 


L Ko — 1 J 


(26') 


which can bo integrated without difficulty If we integrate betw^ern the limits a and 
1 for «, w'c obtain (taking into consideration that for a — 1 the pressuie becomes 
P = pJ 

A'(^, - 1)(1 - a) = (p, - p) + " ".'/-’od - a)/!'*.-"/'. (27) 

P(( Ko — J 

This equation represents with the above assuiiijitions the exact relation between 
momentaiy pressure p and degree of conversion a, solved according to (1 — a). 


I - a = 

po 


K (k, 


3 ) - 


- 1 


RT 


(28) 


in which, according to (10), p"op*o“i/*o i.s replaced by RT If we introduce numerical 
values,^ it is clear that ^ RT is always small in relation to K(k, — 1 ) We therc- 
fore make no great error in substituting To lor 'T, otluTwise Kq. (28) yields, for a = 0, 


K{k. - 1) - 


UT^ = A 7’„ 2.« 


A.0 1 PO 

If we substitute To for T and make use of (29), we obtain 


(29) 


1 ^ V' - P 

1 — a = — — 


(30) 


. ^ ^_r P 0 

Pe — Po Pr — Pc 

^ K is of the order of magnitude of the heat content of the burned gases, in other 
words mostly of the order of magnitude of about 10,000 cal /mol; the diffiTence K( — 

is of the order of magnitude 0.1, thus about 0.3; the member — RT is 

Ko — I Ko — 1 

therefore about 100 to 300, t.c., small in proportion of K{Ke — 1), even though not 
entirely negligible. 
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that is, the ultimate justification for the tentative relation for the degree of conversion 
as a function of the momentary pressure as it was employed above (page 146) in 
deriving the flame and combustion velocities. 

The equations (28) and (29) can serve as the point of departure for 
the computation of any other desired entities. Equation (29) permits 
the direct computation of i.e., of the maximum terminal pressure in 
explosion considering the temperature decrease in the gases. The 
numerical calculations of I^ewis and v. Elbe have shown that the difference 
between pe thus computed and the value resulting from that for uniform 
temperature distribution amounts in general to lees than 1 per cent. 
Normally, therefore, the simpler calculation suffices. For the practical 
execution of the more accurate calculation of bomb explosions, we refer 
the reader to the works of Lewis and v. Elbe. 


m.TnHg 



(Druck = pressure) 

Ftg. 108a. — Ilccordinp: curvo of a bomb explo.sioii. Ozone explosion at 301° abs and 3G7 
mm initial i.)rc.ssure; 40 per cent ozone in oxygen. {From Lewis and v. Elbe, ''Combustion'') 

As an example, ve give tlie recorded curve of a bomb explosion in 
Fig. 108a, and in Fig. 1()8^> the calculations according to Lewis and v. 
Elbe. 

According to the adiabatic curve (10), tve compute the temperature 
T of the unburned gas for the pressure of the moment p; Eq. (28) permits 
a computation of the pertinent degree of conversion, or, more simply, 
Eq. (30). The temperature reached at every moment of the combustion 
can be computed from T with the usual relations. The value of 0*. at 
the end of the (‘.omlhnation varying from mass element to mass element 
is computed from (11) with (18); (18) gives us the entity for the gas 
layer that burns at the pressure p. Foi- this layer, Eq. 11 furnishes 
the temperature for any other pressure after the numerical value of $ 
has been inserted and thereof ore also for the pressure p — pc, which 
prevails at completed combustion. The spatial position of the layer 
burning at the pressure p can be obtained by means of Eq. (30), which 
connects the momentary pressure with the degree of conversion. From 
this is obtained the position that the layer occupied before ignition. 
Since a temperature rise prevails tow ard the interior, the layer that 
was between the radii ro and ro — dro at the beginning has shifted to a 
larger radius, a shift that disappears only at the limits of the sphere. 
If Te is the radius of the surface of the sphere bounding the layer in 
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question after the experiment and tq is the corresponding value of the 
beginning, a computation of Ve/ro is possible by means of the methods 
described above. It is possible to achieve the same results more simply 
by imagining the gas before the experiment as being divided into a num- 
ber of layers like n-layers of the thickness R/n. If vq is the mol- volume 



Fig. 1086. — Application of the recording curve lOSa. Explosion in a sphere 15 cm 
in diameter. Tlic circles 1, 2, ... in the upper quadrant give the position of the flame 
front according to HO* Ho. ... of the total duration of the explosion. For every 
position of the front, the corresponding pressures as well as the values of the temperature 
of the un burned gas {T) and of the burned gas (0) which are valid there, are given on the 
ordinate. The drawn circles la, 2a, ... in the lower quadrant indicate the limits which 
the gas designated by the flame fronts 1, 2, . . . had assumed before combustion; the 
dashed circles repressent the limits valid for the same volumes of gas at completed com- 
bustion. {From Lewis and v. Elbe, ]>. 144.) 

before the experiment, at To and po, the volume — assuming the ideal 
laws of gases — for the terminal pressure p« and the average temperature 
0e varying from layer to layer amounts to 

^ ^ Po 
2^0 ~ To Pe ^ 

For further computations, cf. Lewis and v. Elbe (page 146).^ 

A direct computation of bomb explosions for the determination of 

^ Cf. in this connection also Endres, W., '*Der Verbrennungsvorgang im Gas-und 
Vergasermotor,” Julius Springer, Berlin, 1928. 
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flame velocities has, except for the example given, not yet been made;^ but 
the velocity of the entire rise in pressure as a relative measure of the 
average flame velocity is in itself interesting enough to warrant a brief 
discussion of the experiments relating to it. Extensive material, espe- 
cially on explosions at high initial pressures, has been assembled in both 
monographs by Bone^ (included is material on experimental technique, 
on high-pressure bombs, and on manometers; cf, in this connection the 
original works quoted above). 

4 . Specific Observations in Bomb Explosions. — Facts regarding 
average flame velocities and their dependence on composition are fur- 
nished by a series of experiments by Fenning.^ His work with mixtures 
of H 2 -air and carbon monoxide-air shows a decided dependence of the 
flame velocity on composition, a dependence shown also by carbon 
monoxide combustion at constant pressure. Table 28 shows that mix- 


Table 28. — Explosions of II 2 -AIK + CO-aik Mixtures (From Fenninc) 
Initial Temperature 50°C; Initial Pressure 5.2 atm 


Mixture 

Maximum 

pressure, 

atm 

Time until reaching the maximum pressure, sec 

% 

Hz-air 

% 

CO-air 

From tlie passage of 
the spark 

From the beginning of 
a perceptible rise in 
pressure on 

100 



38.4 

0.0075 

0.0059 

49.7 

50.3 

38.4 

0.0155 

0.0123 

24.8 

75.2 

38.4 

0.0293 

0.0239 

11.9 

88.1 

38.4 

0.0465 

0.0383 

8.0 

92.0 

38.3 

0.0566 

0.0482 

4.1 

95.9 

38.1 

0.0759 

0.0645 

2.2 

97.8 

38.0 

0.1002 

0.0860 

0.2 

99.8 

36.9 

0.2457 

0.2048 


The experiments were carried ovit in a cylindrical bomb about 18 cm in diameter and 20 cm in length; 
ignition in the center. 


tures poor in hydrogen burn extraordinarily much more slowly than those 
rich in hydrogen. It can also be seen that, from the time of the spark 
to that of the perceptible rise in pressure, there is always a noticeable 
pause, an “ignition lag.'^ To be sure, it is necessary to be very cautious 
in judging whether a time of that nature has elapsed between the spark 

^ For the method, see also E. Flock, and C.F. Martin, Chem. Rev,y 21, 367 (1937). 

* Bone, W.A., and D.T.A. Townend, “Flame and Combustion in Gases, London, 
1927. Bone, Newitt, and Townend, “Gaseous Combustion at High Pressures,'* 
London, 1929. Also Bone, Newitt, and Townend, Proc. Roy. Soc. London^ A, 139, 
67 (1933). Townend and L.E. Outridge, Proc. Roy. Soc. London, A, 139, 74 (1933). 
Newitt and F.G. Lamont, Proc. Roy. Soc. London, A, 139, 83 (1933). 

* Fenning, Rep. a. mem. aeron. res. committee, quoted by Bone and Townend. 
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and the beginning of the Same propagation. Flame photographs show 
that such ignition lags actually can occur; but from the velocity of the 
pressure rise it cannot be concluded with certainty whether such is the 
case. In the case of average ignition in a spherical bomb, for instance, 
the burning surface is proportional to the square of the radius of the 
range covered. The velocity of the pressure rise, assuming a constant 
flame velocity, will be about 100 times as large if the burning surface is a 
sphere of 10 cm radius as if it is a sphere of 1 cm radius. Thus the 
velocity of the pressure rise from the moment of ignition is at first extra- 



5^sek 


(Druck = pressure) 

Fig. 109. — Pressure-time curves of hiKh-j)rcssure explosions of various carbon monoxide 
mixtures. Compare tlio text. {From Bonc-Towiiend^ ''Flamed) 

ordinarily slow even for normal flame velocity and can therefore be below 
the sensitivity of the indicator for a considerable time. 

Of interest in connection with the phenomena already discussed 
under carbon monoxide combustion (page 121) are bomb explosions at 
high initial pressure (50 atm) by Bone and associates (cited page 156). 
In Fig. 109, we reproduce results by Bone and Townend. Remarkable 
in these graphs is (1) the remarkably slow pressure rise in carbon mon- 
oxide-air mixtures, and (2) the curve for the decrease in pressure. 
Normally the latter is exponential, and this is also the case for all mixtures 
in which atmospheric nitrogen is replaced by oxygen, carbon monoxide, or 
argon. The carbon monoxide-air curve should probably be interpreted 
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as the continuation of an exothermic reaction after reaching the maxi^ 
mum pressure. The same is probably true of nitrogen activation and 
its resultant reactions discussed elsewhere (Chap. IX, B). 

Of interest is the dependence of the time r, extending to the end of the 
explosion, on the initial pressure. For this dependence, we herewith 
furnish several comparable values for the mixtures 2CO + O 2 + 4CO 
according to Bone, Newitt, and Tovmend. The time does not change 
very much in this pressure interval, and the dependence on pressure is 
quite irregular. The situation is different in mixtures with oxygen 
excess, 2C0 + O 2 + 402*. 


Initial pressure po, atin 

.... 3 

10 

50 

75 

Time to end of explosion, t sec 

. ... 0.0225 

0.035 

0.01 

0.015 


Initial pressure po, atm 

3 

10 

25 

50 

Time until reaching maximum presxure, 7 sec 

O.OG 

0.045 

0.01 

0.005 



Here the flame v(ilocity obviously increases greatly with rising pressure. 
The opposite is true of mixtures of 2CO + O 2 + 4 N 2 : 



3 

10 

25 

50 

T, sec 

0.07 

0.10 

0.15 

0.19 



Up to higher pressui'es, this is true analogously, as can be seen from 
experiments carried out on a dilhu'ent bomb: 


po, atm 

75 

100 

125 

150 

175 

T, sec 

0/^2 

0.40 

0.47 

0.53 

0.5f) 


These experiments tlius tie in with the observation on combustion 
velocities at lower pressures (Chap. Ill, pages 89, 90). For further 
experimental data, v e refer to the works of Bone and associates as well 
as those of Newitt and Townend* already quoted. 

At the conclusion, we wish to point out several special phenomena. 
If a tube in which a flame is propagating is narrowed — the tube itself 
can be open — the result can be a considerable rise in the flame velocity. 
The cause for this is to be found in gas movements. A ring that is in 
the way of a flame causes an accelerated tongue of flame to shoot through 
its opening and a greater volume of gas to burn in a very short time. 
Increases in velocity from 0.7 to 420 m/scc are noted. 

1 Nkwitt, D.M., and D.T.A. Townend, Combustion Phenomena at High Pres- 
sures, ‘*The Science of Petroleum,” Vol. IV, Oxford, 1938. 

*Kirkby, W.A., and R.V. Wheeler, J. Chem. Soc.j 1931, p. 2303, and earlier 
works. 
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In addition, gas oscillations* in closed tubes are noted that almost 
certainly cannot be regarded as a shock wave caused by a rapidly moving 
flame. They must rather be a matter of an amplification of oscillations 
according to the mechanism H. Schulze has suggested (page 143). In a 
very general form, the formal theory of such processes has been given 
recently by Gunderley.^ 

^ Nagel, A., and associates, and Nielsen, Fomch. Gchiete Ingcnicunv,^ (6), 4 . 
Kochling, a., Z. Ver, deul. Ing.y 82 , 1126 (1938). 

2 Gunderley, G., Eigenschwingungen in brcnnenden Gasgemischon, Z. angev' 
Matk Meek, 18 , 263 (1938). 



CHAPTER V 

DETONATION 


1. Special Phenomena in Very Rapid Flames. Detonation. — Even 
though the laws that govern the propagation of flames are by no means 
known in detail, experiments as well as theoretical reflection show that 
the normal combustion velocity is essentially determined, among other 
things, by the velocity of the chemical reac^tion in the burning zone. 
The greater the reaction V(ilo(dty, the greater is the flame velocity, other 
things being equal. It is int<u*esting lo speculate Avhat takes place if 
the velocity of the chemical reaction is increased very miich.^ Obviously 
the flame velocity cannot increase to an unlimited degree, as might at first 
be assumed; for the reaction velocity is not the only entity that deter- 
mines tlie flame velocity. On one hand, heat is conducted to the fresh 
gas from the burning zone; and, on the other hand, a(;tivc particles diffuse 
into the fresh gas, and fresh gas diffuses into the burning zone. If one 
imagines the reaction velocity in the burning zone as increased beyond 
all bounds, then the drop in temperature gradient and concentration 
gradient in the l)urning zone could be arbitrarily gn^at.. Nev(u-theless, 
the heat flow and the diffusion flow will not be able to rise above a certain 
limit, for heat and material are transported by the movement of the 
molecules. Sinc.e, hoAvever, in a given heat production of the reaction 
even when the reaction velocity is arbitrarily acceleratcMl, it, is possible 
to attain only the same maximum temperature corres})onding to that 
of an average molecular velocity of at the most several kilometers per 
second, then that is also the maximum A^elocity at which heat and active 
particles can be transported and to Avhich the flame can approach no 
matter how much the reaction velocity may have Ixnm accelerated. 

That the maximum propagation velocity of a flame can certainly be 
no greater can be demonstrated in another Avay. Let us imagine (Fig. 
117a, page 172) that the combustible mixture is in a tube open at one 
end and that the burning surface is moving toAvard the closed end. Then 
the burned gas must floAv off toAvaj-d the open end of the tube Avith a 
velocity many times that of the flame velocity, since the volume of the 
hot burned gases is likc'wise many times that of the fresh gas. At normal 
combustion velocities of several meters per second, no special effects 
result. If one imagines a flame Avith a velocity of several kilometers 
per second progressing to the right, the burned gases Avould have to flow 

^ In this connection, cf. the last section of this chapter. 
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off to the left with a velocity several times as great, or tremendous differ- 
ences of pressure would have to appear. The energy of the directed flow 
of the departing gases must naturally also be furnished by the heat of 
reaction, and the velocity with Avhich the gases can stream out is there- 
fore limited. The flame velocity is also limited by this. In addition, 
the following new problem appears. As long as the flame velocity ^vas 
small, we hardly had to bother about the pressure drop that is present 
in the direction of the tube axis; but, if the burned gas is to withdraw 
with a velocity of several kilometers per second, a considerable drop 
in pressure is necessary and must likewise lead to a compression of the 
fresh gas ahead of the flanu' front. To put it concretely: The more 
rapidly the gases are to flow off, the greater must be the recoil they 
transmit to the fresh gas. Continuing — details will be discussed later — 
this compression of the fix^sh gas produces a shock wave tliat progresses 
with a velocity greater tlian sound, and the burning zone is coupled 
with the front of this waAX\ This process is called deionation. From 
the precjeding, it is clear that the velocity of the detonation may not be 
greater than of the order of magnitude of the thermal velocity of the 
burned gases, i.e,, several kilonuflers per second. 

A flame propagation tliat bears all the characteristics of detonation 
was discovered in 1881 by Berthelot and Yieille as well as by Mallard 
and Le Chatelier.^ The same authors made detailed studies of the same 
phenomena.'^ Soon thereafter, the study of detonation phenomena 
was taken up by Dixon, ^ whose students did most of the later English 
work in this field. 

Among other methods, Mallard and Le Chatelier employed photog- 
raphy, which is generally used today. At that time, a movable plate 
was utilized instead of a film revolving on a drum. The chronoelectric 
method, used in their first experiment by Berthelot and Vieille, can still 
be used today in the measurement of detonation velocities, insofar as 
only the determination of the velocity at various stages comes into 
consideration and not other details of the detonation process. At certain 
definitely measured distances in the tube, probes are placed; in these, an 
electric contact is either broken by the passing of tlie detonation wave 
(penetration of tin foil in Berthelot and Vieille^s experiment) or closed 
(jumping of a spark betwxHm two electrodes that are so far from each 
other that a bridging of tlie gap is possi})le only in the hot ionized gases), 
and the closing or opening of the circuit is recorded. 

^ Berthkuot, M., and P. Vieiixe, Cojnpt. rmd., 93, 18 (1881); 94, 149, 822 (1882). 
Mallard, E., and H.L. Tiio Chatelier, Compt. rend., 93, 145 (1881). 

* Berthelot, M., and P. Vieii.le, Ann. chini. phya., 28, 289 (1883). Mallard, 
E., and H.L. Le Chatelier, Ann. mines, (8), 4, 274, 335 (1883). 

* Dixon, H.B., Phil. Trans. Roy. Soc. London, A, 184, 97 (1893) ; 200, 315, (1903). 
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The first observations of detonation showed the following: If a 
mixture capable of detonation is ignited at the open end of a tube, a stage 
of the vibrations sometimes forms in the initially uniform, normal flame 






Fig. 1 10a. — CS 2 + CNO ignited at the open end of a tube 3 m long; from a to & normal 
flame, then oscillations. {From Mallard and Le Chatdur; taken from Bone^Townend, 
"'Flame ”) 



a 

J K, — CHi-oxygen ignited at the Fig. 111. — CS 2 + 6NO, ignited at the 

open end of the tube At h, passing ovei closed end of a tube 2 m long (at a ) ; re- 

into detonation. {From Mallard and Le versed flame in the burned gases. {From 

Chatelier,) Mallard and Le Chateher.) 

velocity, which is then converted into detonation. However, an abrupt 
transition to detonation can also take place from the initially uniform 
flame velocity. The flame pictures obtained in this process by Mallard 
and Le Chatelier are shown in Fig. 1 10. With ignition at the closed end 
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of the tube, where the expanding combustion gases aid in accelerating the 
flame, there is a flame accelerated from the start which then finally 
goes over into detonation (Fig. 111). It was found that the detonation 
velocity is a characteristic constant for a given mixture. The value 
of this velocity is independent of the diameter of the tube in which the 
detonation is taking place, if this is not too small (7 mm is, for example, 
a sufficiently large diameter). Initial pressure and temperature have 
little influence on the velocity of the detonation. Changes in the com- 
position of the mixture, on the other hand, exercise a considerable 
influence. All numerical values that have been found for the detonation 
velocity of gases lie between 1 and 4 km/ sec. 

A characteristic phenomenon connected with the appearance of 
detonation is that first observed by Dixon. 

At the place where the flame converts into 
detonation, there appears at the same 
time a wave that goes backward. It is 
designated by Dixon the ^^retonation 
wave’’ (Fig. 112), and its velocity, though 
smaller than that of the detonation wave, 
is of the same order of magnitude. Obvi- 
ously this wave must appear because of 
the conservation of impulse. The im- 
pulse transmitted to the forward-directed 
detonation wave at the moment of its 
origin must be compensated for by the 
impulse given off to the relonation wave running in the opposite direction. 

It will aid in the comprehension of this discussion if wc present an 
elementary theory of the detonation wave before going into experimental 
detail. 

2. Shock Wave and Detonation. — For the theoretical explanation of 
the detonation phenomena, we arc indebted to Chapman^ and Jouguet.^ 
A particularly detailed and systematic investigation of the percussion 
stroke has been given by Becker,^ whom we shall follow in the succeeding 
discussion. 

For a theoretical understanding, we must be clear about two things: 
(1) the origin of a shock wave, and (2) how chemical conversion can be 

^ Chapman, D.L., Phil. Mag., (5), 47, 90 (1899). 

®JouGUET, E., J. math., 1905, p. 347; 1906, p. 6; “M^canique des cxplosifs,^' 
Paris, 1907, Chaleur et ind., January, 1939. 

* Becker, R., Z. Physik, 8, 321 (1922); Z. Elrktrochem.f 42, 457 (1936). Attention 
is also called to the work of E. Boll6; “Ilandbuch dcr physikalischen und technischen 
Mechanik,” Vol. VI, Leipzig, 1927, as well as to the articles by Il.P. Fraser, and by 
P.F. Laffitte, “The Science of Petroleum,” Vol. IV, Oxford, 1938; and also to Lewis 
and V. Elbe, “Combustion, Flames and Explosions of Gases.” 



tion D from a fiaine F, sohomatie. 
At till* transition the “retonation” 
wave R apjiears. 



164 EXPLOSION AND COMBUSTION PROCESSES IN GASES 


connected with the progress of the wave, how reaction energy maintains 
the shock wave, and how one can arrive at a quantitative computation 
of the detonation velocity from it. Let us imagine a gas (Fig. 113) 
in a tube one end of which is closed by a piston. Whether the other end 
is open or closed makes no difference. We now accelerate the piston, 
which at first was at rest, up to a constant final velocity, at which it then 
remains. A shock wave will form in the gas, i.e., a compressed volume 

of gas borders on the fresh gas at an 
unstable surface;^ the unstable sur- 
face progresses toward the fresh gas 
with a velocity greater than sound. 
How this takes pla (!0 can be made clear, ac.cording to Becker, in the 
following manner. We again imagine the gas enclosed in a tube (Fig. 
114) into which a piston is not continuously accelerated but rather moved 
from the point of time t = 0 till t = r with the (small) constant velocity 
Vi. The gas in front of the piston will be a trifle compressed, and a 
pressure wave will move ahead of the piston with approximately the 
velocity of sound (it will move at exactly the velocity of sound if vi 
is extremely small) (Fig. 114a). If from the time t = r the piston is 
allowed to move with the greater velocity vo) a now pressure wave arises 



Fig. 114. — OiiKin of a i)crcu.s.siori wave. {From Becker.) 

(Fig. 1146) that moves somewhat faster than the first, since it moves in 
the gas that has already been heated somewhat by the foregoing com- 
pression and is flowing to the right with the velocity of the piston. Like- 
wise, if Ave give the piston another increased velocity in the time 2 t, a 
third pi’essure Avave Avill arise that Avill move more rapidly than the other 
tAvo for the same reasons, etc. (Fig. 114c and d). Since each succeeding 
Avave Avill move more rapidly than the preceding, the following waves 
must finally overtake the first one. A Avave of infinitely steep front 
arises, f.c., a shock Avave or a detonating Avave that moves AAuth a velocity 
greater than sound, a velocity, indeed, that Avill increase as the compres- 

^ An unstable surfnee prevails only as long as the gas is considered a continuum, 
disregarding conduction and internal friction; otherwise there is a finite transitional 
layer, although it is very thin (c/. Becker). 



Fig. 113. 
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sion in the wave increases.^ It is to be expected that the velocity of 
the shock wave in order of magnitude will be approximately in the ratio 
of the velocity of the piston to the velocity of sound. 

It is not difficult to compute, by means of elementary relations, the 
velocity of a stationary shock wave with the piston moving forward with 
constant velocity. Let us consider a system of coordinates moved 
along with the wave front (Fig. 115b). Figure 115a shows our former 
point of view. The piston and the i)revioiisly compressed gas move to 
the right relative to the stationary tul)e ^vith the velocity w, the wave 
front correspondingly moves to the right with the velocity D > w. If 
we want to make the wave front stationary, we must move the tube with 
the fresh gas to the left with the velocity Z). D is therefore tlie velocity 
with which the fresh gas streams 
toward the wave front for an 
observer moving along with the 
latter. C"orrcspondingly tlic gases 
flow from th('. wave front willi the 
velocity [D — If'). If, in a general 
way, we designate magnitudes 
characterizing the fresh gas Avith the index 1, and those concerning 
the compressed gas Avith the index 2, Ave can for the time lading disregard 
the processes in the Avave front and merely apply the laws for the 
conservation of mass, energy, and impulse to the gas before and behind 


D^-W 

0 




Fio. 115. 


the Avave front. 

If we designate the velocity Avith a, the volume (of tlu^ mass unit, not 
of a mol) Avith r, hence the density with Iji) = p, the pr(^ssure with p, 
and the internal energy per unit mass Avith A", Ave can put forAvard the 
folloAving relations. Uipi is clearly the mass of the fresh gas flowing 
in a unit of time per unit of cross section. Sinc.e av(^ are considering 
a stationary situation, this mass must be equal to the mass of the liurned 
gases, in other Avords, it2P2. We thus obtain 


u\pi = U 2 P -2 oi- conservation of mass (1) 

The impulse transported from the fresh gas as the result of its flow is 
per unit of mass iii. Since the mass Ui/vi (see above) floAvs in the unit 
of time, the impulse transported by it = ul/vi. However, the gas also 
transmits impulse as a result of its undirected molecular movement, 
namely, as a result of its hydrostatic pressure. In the kinetic gas 
computation of the pressure, use is made of the fact that p is the impulse 
transmitted per unit of cross section in the unit of time (see Chap. VIII). 

^ On the oscillations in air columns with a large amplitude, see C. Mayer-Schu- 
chard, Ver. deui. Ing. Forsch., No. 376 (1936). 
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Thus Pi is to be added to the above expression. Equating the correspond- 
ing expressions for fresh gas and burned gases leads to the equation 

-J: + Pi = + P 2 conservation of impulse (2) 

Vi V2 

The energy equation leads to a third equation. The energy of the gas 
is composed of internal energy Ey volume energy pVy and kinetic energy 
of the flow, which, referred to the unity of mass, equals u^/2; thus the 
energy principle yields 

-.5 «.2 

El + ^ + PiVi = E 2 + ^ + P 2 V 2 conservation of energy (3) 
From these equations, we obtain 



(4) 

(5) 

( 6 ) 


We shall discuss the latter equation in detail. It represents the 
connection between internal energy before and after compression by 
the shock wave as a function of the pressures and the specific volumes. 
The change in condition in the shock wave is, according to the meaning 
of the word, an adiabatic one, i.e.y no heat at all is exchanged with the 
surroundings; but Eep (6) changes into the equation of the adiabatic 
(which would more correctly be termed isentropic) 


dEl = —pdv 


(7) 


which can be integrated in the well-known manner, only at a very small 
compression ratio and correspondingly small change in pressure. Then p 
can simply be written for (pi — p 2 )/ 2 , and —dv be substituted for 
(i;i — The change in condition of a shock wave is normally different 
from that for adiabatics. The gas in a shock wave is, we shall see, more 
strongly heated than one would expect in an adiabatic. How does this 
come about? We assume in deriving an adiabatic (and in all analogous 
calculations) that the change in condition takes place reversibly, i.e.y 
infinitely slowly, and that at any moment the pressure working on the 
piston from the outside is only a very little above the gas pressure. If 
we compress with finite velocity, a greater pressure than corresponds to 
the gas pressure of the moment must be exerted on the piston. Therefore 
more work will be needed for compression than is calculated by the 
adiabatic. We are generally not conscious of the infinitely slow change 
of condition when applying the adiabatic, since, in order to conduct a 
process adiabatically, we generally have it proceed as rapidly as possible. 
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It may be called to mind, however, that, in the usual examples for 
adiabatic application, the condition of a sufficiently low velocity is 
fulfilled, even for the oscillations of gas particles if it is a matter of the 
velocity of sound; for, even though the frequency of the sound waves 
can be high, the amplitudes with which the gas particles oscillate are 
so small that the velocities remain small compared with the molecular 
velocities, and upon this fact everything depends. 

If we should apply the adiabatic for the change in condition in the 
shock wave as Riemann originally did^ (he first recognized the possibility 
of shock waves from the mathematical point of view) , we should conflict 
with the energy principle. The consistent application of the energy 
principle first led Hugoniot to Eq. (6), and it is now generally known 
by his name.*-^ In the shock wave, as a result of rapid compn^ssion by the 
burned gases striking on the fresh gas with great kinetic energy of the 
directed movement, this fresh gas is sometimes heated to considerably 
higher temperatures than one would suppose from the compression 
relation. 

EqiKilions (4) to (6) permit a computation of the velocity of tltf; shock wave as 
well as of the rise in temperature appearing in it if, in adflitioii to tlio condition of the 
fresh gas (/>i,vi,2’i), either the comprcKsion-stroko pressure pj is given or the compres- 
sion relation (e = vi/cs) or also the “velocity of the burned gases” which, according 
to Fig. 115/i, is ecpial to ux — 1/2 or to the velocity® with which the piston is moved. 
Here, to bo sure, the specific heat Cv of the gas mixture must be known in order to 
express E 2 — Ex as the function of the temi)eraiure 

~ ^ It! 

or 

E,-E, = (T, - (8a) 

the latter if one is computing with an average value of the s])ecific heat. Now we 
shall assume the validity of the ideal laws of gases for the gases in (piestion 

j>v = R’T (9) 

Regarding the numerical value it must be borne in mind that v stands for the 
volume of the mass unit, not that of the mol. l-iquations (9), (8), and (0) permit 
the calculation of T 2 and V 2 if pa is given. 

From this, the velocity of the shock wave can be obtained from (4) 

Mi = n = III (10) 

and the velocity of the burned gases 

W = Ui - U 2 = {vi - Vi) (11) 

^ Riemann, B., Nachr. Ges. TFiss. Gottingen^ 8, 1800. 

* Hugoniot, J. Scole polytech.. Nos. 57 and 58, 1887, 1889. 

* We are disregarding correction factors. 
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For very small values of (p 2 — Pi), Eq. (10) changes into the usual equa- 
tion for the velocity of sound (c/. page 203), just as Hugoniot's equation 
changes into the adiabatic. 

To illustrate, we shall furnish in Table 29 (from R. Becker, cited 
page 163) numerical values for air at 273° abs initial temperature and 
various compression pressures (P 2 /P 1 ). Given are the compression ratio 
V 1 /V 2 , the terminal temperature 1\ compared with the temperature that 
would be computed with adiabatic compression, the velocity D of the 


Table 29. — Shock Waves ix Am at 273° Abs. (From R. Becker) 


Pa/pi 

Vl/V2 

P 2 , ° abs 

T 2 (computed 
from the 
adifibatics), 

° abs 

Z), m/sec 

Wy m/sec 

i/Pi 

2 

1.63 

336 

330 

452 

175 

1.63 

5 

2.84 

482 

426 

698 

452 

11.4 

10 

3.88 

705 

515 

978 

725 

34.9 

50 

6.04 

2,260 

794 

2,150 

1,795 

296 

100 

7.66 

3,860 

950 

3,020 

2,590 

699 

1,000 

14.3 

19,100 

1,710 

9,210 

8,560 

14,300 

2,000 

18.8 

29,000 

2,070 

12,900 

12,210 

37,600 


shock wave as well as w of the burned gases, and finally also the effective 
pressure of the shock wave. If a shock wave meets an ol)struction, it 
has an eff(M;t not only by virtue of its hydrostatic superpressure (p 2 — Pi) 
but in addition by virtue of the impulse of the directed current. The 
impulse thus transmitted in a unit of time is (r/. page 108) 




V\ — V2 
V2 


(Pi - 7>i) 


employing (11). The total impulse of the shock wave thus becomes 


t = P2 — Pi + (P2 ~ Pi) — = (P2 — Pi) — 

V2 V2 

In the last column of the table, the relation i/pi is given. In applying 
these results to detonation later, it must be remembered that the layer 
of burned gases that moves to the front with the velocity w is very 
thin. The high-pressure impulse is therefore effective for only a short 
time. 

Becker’s numerical values are somewhat antiquated today because 
they are based on the older values for specific heat, but this makes no 
difference in judging the relations. Compression pressures in detonations 
of gases at atmospheric pressure are not over 50 atm. It is possible to 
cause shock waves in air by the detonation of solid explosives with veloci- 
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ties up to about 10 km/sec, however, and this might be the only method, 
as Becker points out, for experimenting with gases at temperatures of 
ten thousands of degrees and pressures of the order of magnitude of 1000 
atm. The most important fact to be gained from Table 29 is that 
temperatures attained in shock waves are considerably above the values 
computed according to the static adiabatic. 

If we want to keep the shock wave stationary for experimental pur- 
poses, the piston, as we have already seen, must be moved forward with 
the constant velocity w. Now we wish to make clear how a stationary 
shock wave acts when the necessary supply of energy is furnished by a 
chemical reaction taking place in the wave front. Equations (4) and (5), 
which express the conservation of mass and of impulse, are obviously 
entirely unaffected thereby. Only in (6) must a term be added to 
take care of the heat of reaction. Obviously it must be thus: To the 
increase in internal energy — E\y in addition to the Ilugoniot com- 
pression )2(Pi ~ — 2 ^ 2 ), there must be added also the amount 

of the heat of reaction Q. Instead of (6), we must write 

El - El = }i{pi + V2){vi - Vi) ^ Q (12) 

or again, with the introduction of the average specific heat Cr, 

Cv{T2 - Ti) - Q = Vzivi + V2){vi - Vi) (13) 

Equations (10) and (11) for the ‘‘detonation velocity D and the burned 
gas velocity w remain the same as before, except that, for determining 
the condition of the burned gases, (13) must be substituted for (6), the 
ideal law of gases^ again being used for eliminating T. 

Since, under the conditions of detonation, no definite compression 
pressure pi or compression ratio ih/vi can be advanced, (13) offers no 
definite terminal condition to correspond to an advanced initial condition 
Viy Pi but rather an unlimited variety of terminal conditions possible 
from the standpoint of energy which are expressed by the “Ilugoniot- 
curve'^ shown in Fig. 116. The point A (vi,pi) represents the initial 
condition. It itself is not on the curve; for, since the finite heat of 
reaction Q is set free, the initial condition and all the possible terminal 
conditions are always separated by a finite distance from one another. 
If we want to compute detonation and burned-gas velocities by means of 
(10) and (11), we must know into what terminal condition pi, Vi the 
gas will change. It seems as if an arbitrary number of values would be 

^ For the detonation of gases at normal initial pressures, the ideal laws of gases 
furnish sufficiently accurate values; however, the validity of the equation given above 
is not dependent on this. For the detonation of condensed explosives where the 
burned gases show an extraordinary thickness, other condition equations that are 
suitable will have to be employed. 
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possible on the curve and that as a result no definite value for the detona- 
tion velocity could be assigned in contrast to clear experimental findings. 
A more detailed consideration reveals, however, that this is not the case. 
Let us assume for the present that the point B with V 2 and p 2 is the 
terminal condition. Then the detonation velocity, according to (10), 
would be 

2 ) = ^ = 2^1 's/tan a (14) 

\ Vi — V2 

as can be seen from Fig. 116. This relation shows us that the branch of 
the curve from G to F can have no real meaning, since along this section 

tan a would be negative and D 
accordingly imaginary. The sec- 
tion FL obviously corresponds not 
to detonation but rather to ordi- 
nary combustion, for here the 
volume increases toward the initial 
condition, and the pressure de- 
creases. The ordinary flame must 
of necessitj’' bo included in the 
above considerations, which make 
use of only the principles of the 
conservation of impulse, mass, and 
energy. 

We thus need to consider only 
the section of the curve from G to 
B for detonation. Except at point 
I j at which the straight line from A 
forms a tangent to the Hugoniot-curve, there are always two conditions 
that belong to the same value of the detonation velocity, for example, D 
and B. It can be shown that the transition to D is unlikely and that on 
the other hand a detonation wave in which the terminal condition of the 
bases would correspond to the point B woidd not be stable. It would be 
overtaken and weakened by a rarefaction wave (which must always form 
some distance behind the front of the wave) until its velocity would have 
diminished to the smallest possible velocity, namely, that belonging to the 
transition toward I, At the terminal point 7, the velocity of a sound 
wave in the burned gases plus the velocity of flow of the burned gases is 
exactly equal to the detonation velocity. The sound wave can therefore 
never overtake the detonation wave, and the latter is therefore stable. 
As a result, only a stationary detonation corresponds to the point 7. 
More detailed reasons for the above will be given later w^hen further 
theoretical considerations are discussed. 



F] 0 . IIG. — Hugoniot-curve; relations 
between p and v according to (13). The 
initial condition corresi)ouds to the point A. 
{From R. Becker, ii. 161.) 
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The point I (Fig. 116), as will be clear subsequently, is characterized by the fact 
that at it the Hugoniot-curve is touched by the adiabatic passing through /, in other 
words that 

tan«. » -(iEl) 

\t)i— 1)2/7 \d*'2/ad 

(15) 

or, since for the adiabatic 


jw* = const 

dv V 


P2 — Pi _ P2 

— K2 — 

Vi — V2 V2 

(16) 

In (16), iC 2 = Cp/cv is the ratio of the specific heat for the condition pz, t> 2 , T 2 . 
tion (16) together with the former eejuations 

Equa- 

D = - P' 

^ l»l — V2 

(10) 

w = (vi - Vi) - p 

^ Vi — V2 

(11) 


and the Hugoniot-equation 


CviT2 - Tj) - Q = Hipi + Pdith - vd (13) 


use of the gas laws permits the computation of any desired entity. The last equation 
can 1)0 changed to piVi = RiTi, — R 2 T 2 * and, by including the abbreviation 
€ = vi/v 2 (compression ratio), 


c.{r2 - TO = l\ (/r - Q + 1 (e - 1) (ji/r, + (i7) 


and, from (10) with (16), 

12 _ ., 2 .. 


IP 


,,,2 ^ 

Vi v\ 


and, from (16) after suitable convei-sion. 


Kii‘ 


R0J\ 


- e{Ki + 1) + ^' r,0 = 0 

n'2i 2 


(10a) 


(16a) 


The three equations (17), (10a), and (16a) sufFicc for computing the 
three unknowns To, € = Vi/v 2 , and I), Since k 2 is dependent on the 
temperature, the calculation must be made provisionally with an approxi- 
mate value for k, and by repetition the results for Ti, P 2 , and D are to be 
corrected. In this procedure, the k 2 belonging to the computed T 2 is to be 
used for the next step (as is customary in computing combustion tempera- 


* As has already been noted (page 167), individual values of the gas constants 
must be introduced, since the computations refer to the mass unit and not to the mols. 
In practical calculation, it must be remembered that the mol-number often changes in 
conversion and also as the result of the dissociation of the end products. 



172 EXPLOSION AND COMBUSTION PROCESSES IN GASES 


tures). The calculation becomes considerably more involved if the dis- 
sociation of the end products must also be taken into account. 

Wherever the theory has been tested by experience, the results 
have been such as to remove any doubt about the correctness of the basic 
assumptions. Graphically, the difference between ordinary combustion 
and detonation is as follows: In ordinary combustion, density and pres- 
sure of the burned gases are lower than in fresh gas; the burned gases 
flow back from the burning surface away from the fresh gas (Fig. 117a). 
In detonation, the burned gases flow toward the fresh gas (Fig. 1176) 
in the same direction in which the detonation progresses. In addition, 
the pressure in the burned gases is essentially higher than in the fresh 
gas. 

From this, we cannot conclude, however, that the burned gases have 
the same forward velocity at any distance from the wave front. That 

would be the case only if there were 
no decrease in pressure toward the 
rear, as, for example^, by the inser- 
tion of a piston, as was discussed in 
the origin of shock waves. Nor- 
mally, liowever, the pressure de- 
creases toward the rear, and the 
direction of motion of the exhaust 
gases reverses itself at some distance from the flame front. Tluirefore a 
rarefaction wave must always arise at some distance behind the wave 
front that follows the detonation. We thus see how important it is for 
the stability of the detonation wave that it cannot be overtaken by this 
rarefaction wave. 

Langweiler^ has expressed the detonation pressure p 2 and the detona- 
tion temperature Tz in relation to the pressure po and the temperature 
To, which are attained by an explosion in a closed chamber. He gives 


Schwoden 


Frischgas 


W 


oonurttaen ~ * 



/Sohwaden 
KVr 
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fr<?8h gas ) 


Frischgas 

Fk;. 117. — Progress of the burning 
zone and flow of the burned gases (with 
(a) ordinary flame, (h) detonation). 


and 


P'i = 2po 
T ~ rp 

i 2 i 0 

IC -f 1 


These relations are not quite exact. The detonation pressure, for 
example, is a little less than 2po, but they can be very useful for orienta- 
tion. They can be derived from (16a) and (17) if certain factors are 
ignored. They cannot be exact, since the temperature dependence of 
the specific heats and of the dissociation of the combustion products are 
not taken into consideration in deriving them. 


1 Lancweiler, H., Z. tech. Physik, 19, 271 (1938). 
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Bec£tus6 detonation velocities can be computed only on the basis of 
thermodynamics and hydrodynamics, the following is always pre- 
supposed: The reaction velocity must always be so great that equilibrium 
is practically achieved in the wave front. If the conditions become too 
unfavorable for the reaction velocity (e.gr., in a fuel-oxygen mixture in the 
neighborhood of the burning zone) the mixture will not detonate at all. 
For given substances, detonation limits appear, and others are not able to 
detonate at all although they are explosive. Since there are never sudden 
transitions (in the sense that a mixture only a little beyond the limit would 
not detonate while another only a little this side of the limit would 
yield not only detonation but also the full detonation velocity), there is 
actually a continuous transition. In the immediate proximity of the 
limits, a process with the characteristic phenomena of detonation takes 
place, to be sure, but not with the full velocity; fe., the reaction velocity 
does not yet suffice for the complete appearance of equilibrium. 

We shall come back later to basic questions in connection with the 
reaction velocity (pages 2dC)ff.). 

3 . Experimental Determination of Detonation Velocities. — Berthelot 
was quite aware of the fact that the velocity of detonation must be of 
the order of magnitude of the thermal molecular velocity in the burned 
gases, and he attempted to make use of this fact in obtaining quantitative 
relations for the detonation velocity. As could be expected, there is a 
satisfactory agreement in point of order of magnitude, but it does not 
suffice in detail. Dixon has attempted to improve the results by similar 
means, but these attempts have only historical interest today. ^ Jouguet 
later computed^ the detonation velocities for a large number of systems 
and found, with the measurement of Berthelot and Vieille, Le Chatelier 
and Dixon, an agreement with deviations that rarely go higher than 
5 per cent. Since these computations are based on older values for 
specific heats and since at that time there was no accurate knowledge 
of the dissociation equilibriums that are a determining factor in high 
temperatures, we shall omit the results here. In more recent times, 
B. Lewis^ has attempted to compute detonation velocities in this manner 
with the aid of modern data. 

In Tables 30 and 31, which follow, the results for oxygen-hydrogen 
explosion are given. In this case, the following dissociation equilibriums 
at the high detonation temperatures must be taken into account : 


^ In Dixon [Phil. Trans. Roy. Soc. London^ A, 184, 152 (1893)1, there is a note by 
A. Schuster that represents the first, if as yet unsatisfactory, application of Iliemann’s 
theory to detonation. 

^ Cf. the compilation in E. Boll6, in Auerbach-Hort, “Handbuch der physikalischen 
und technischen Mechanik,” Vol. VI, p. 337, 1927. 

* Lewis, B., and Friauf, J. Am. Chem. Soc.^ 62, 3905 (1930). 
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H*0-. 

■ H 3 + 

HsO; 

■. + OH 

H 2 : 

:2H 


Nothing fundamental is changed in the computation. When considering 
dissociation, it is necessary — as is usual in computing flame temperatures 
— to proceed by trial and error, a method that can be quite laborious in 
detail. 

The numerical values of Table 30 are interesting from several points 
of view. For one thing, most of the theoretical values agree with the 


Table 30 — Detonation Velocities op H2-OirN2 Mixtures According to 
Experiments by Dixon^ and Payman and Walls, ^ at 1 Atm of Initial 
Pressure and 291° Abs. Worked Out by Lewis and Priauf (Cited P. 173) 


Mixture 

Detonation 

pressure, 

P2 atm 

Detonation 
toinperaturc 
7 2 abs 

Detonation velocity 

Dy rn/scc 

% content in 
tlie burned gas 

C'omputed 

Observed 

OH 

H 

(2H, + 0,) 

18.05 

3583 

2806 

2819 

25.3 

6.9 

(2H2 + O2) + IO2 

17.4 

3390 

2302 

2314 

28.5 

1.8 

(211 2 * 4 " O2) 4 " 3O2 

15.3 

2970 1 

1925 

1922 

13.5 

0.2 

(2H2 4 - O2) 4 - 502 ' 

14.13 

2620 i 

1732 

1700 

6.3 

0.07 

(2H2 4 - O2) + IN 2 

17.37 

3367 

2378 

2407 

14.7 

3.3 

(2H2 4 - O2) + 3N2 

15.63 

3003 

2033 

2055 

5.5 

0.9 

(2H2 4 - O2) 4 - 5N2 

14.39 

2685 

1850 

1822 

2.1 

0.2 

(2H2 4 - O2) + 2H2 

17.25 

3314 

3354 

3273 

5.9 

6.5 

(2H2 4 - O2) 4 - 4H2 

15.97 

2976 

3627 

3527 

1 .2 

3.0 

(2H2 4 - O2) 4 - 6H2 

11.18 

2650 

3749 

3532 

0.3 

1.1 


' Dixon, H.B., Phil. Trans. Roy. Soc. London, A, 184, 97 (1893). 
2 Payman, \V., and Walls, J. Chem. Soc., 1923, p. 420. 


experimental values to within 1 per cent, which is an extraordinary 
confirmation of the theon'tical picture. However, there are also varia- 
tions lying far beyond the limits of error, particularly in the case of 
especially rapid detonations. We have alrcad}^ pointed out (page 172) 
that the presupposition for detonation is a sufliciently high reaction 
velocity in the flame front. If this condition is fulfilled, the hydro- 
dynamic theory pennits an exact prediction of the detonation velocity. 
It is entirely conceivable that in some mixtures the reaction velocity is 
still great enough for the maintenance of a shock wave but not great 
enough for complete conversion in the burning zone. In this case, the 
actual conversion (not determinable in detail) in the proximity of the 
wave front would have to be taken into account, and a lower detonation 
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velocity would result. This is to be expected near the detonation limits 
(c/. pages 173, 181^.) as well as in the case of especially high detonation 
velocities when a correspondingly high reaction velocity is presupposed. 
It is therefore not very surprising if, in the case of the highest detonation 
velocities, variations appear in the sense that the detonation velocity 
actually found is smaller than that computed for complete conversion 
in the wave front. 

Another possibility of interpretation is to be considered, although 
up to the present there is no sure evidence for it. It is known from 
experiments especially by Eucken^ and his associates that the exchange 
between the oscillation energy of multiatomic molecules and the kinetic 
energy of the movement of the center of gravity frequently takes place 
quite slowly. Under certain circumstances, molecular impa(*ts of the 
order of magnitude up to 10^ might be necessary for eciualiz ition. This 
is known from measurements of the dispersion of the vehxaty of sound 
where anomalies appear at high fre(|uencies if the equalization between 
translation energy and oscillation energy is not rapid enough. The 
energy of reaction in th(^ burning zone is largely lib'jrated step by step, 
as in the case of H + OH + M —> II 2 O + M, wIkmc oik^ molecule of a 
triple collision M absorbs a part of the energy but where a large amount 
can still be present as the oscillation energy of the mywly formed H 2 O 
molecule. It is assumed for purposes of cahailation, liowevcu', that the 
burned gas has a very delinite tem})erature 7 ' 2 that can be computed 
from the heat of reaction. This means tliat Maxwell-Boltzmann^s 
velocity or energy distribution prevails. If this distribution cannot take 
place in the short availal)le time, dcwialions belAveen the observed 
and the calculated detonation velocity can lesult.- Two things must be 
differentiated: In the r(?lativ('ly thin lay(ir of jxiac.tion, Maxwelbs dis- 
tribution will never oxiK^tJy take place in the vc'iy bri('t available time 
(if we assume the layer of reaction of the ordcvi’ of magnitud(^ of 10 free 
paths of travel, ^ 10~^ cm, then times of only ^ Kb '' s(5c- would be avail- 
able; in thicker layers, they would be corix'.spondingly longer but even 
so quite short). Hut, if the doA'iation in the su(a*(\ssive laycu’s is on the 
average only 0, e\any tiling is satisfactory. As a result of 1 lie influences 
mentioned, a systemat ii*, one-sided deviation from ATaxw ell’s distrilmtion 
is conceivable, perluqis in tlu* seiisit that the kirujtii; (‘iiergy of translation 
and thus the detonat ion vidocity an* smalk'r than those computed. From 
the fact that in many ceases, assuming sufficiently rapidly reacting mix- 
tures, the computiHl and the observ(‘.d velocity coincide, it is to bo con- 
cluded that in general the distribution of the energy over the various 

^ Eucken, a., cited p. 142. 

* This possibility was pointed out some time ago by W. lost, Z. clcktrochcni.j 41 , 
183 (1935). 
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degrees of freedom under the conditions of detonation proceeds very 
rapidly, and the observed deviations near the detonation limits and in 
other cases will therefore be attributed rather to too low a reaction 
velocity. 

The numerical values of the relative concentration of H and OH in 
Table 30 show, on the one hand, that by neglecting dissociation a satis- 
factory computation of the detonation velocity would not have been 
possible. On the other hand, they indicate, even in the equilibrium of 
very high concentrations of active particles, that the reaction velocity 
in detonation is very great, ^ By means of 11 2 additions, the dissociation 
is greatly diminished; perhaps the result is that a diminished reaction 
velocity causes the discrepancy between observed and calculated detona- 
tion velocities at a higher 11 2 content; this discropari(;y has just beem 
discussed. Whereas nitrogen and oxygen additions retard the detonation 
velocity (the influence of these two is somewhat different on account of 
their mass, which varies a little, and also because O 2 , as a reaction partner, 
dislocates the ecpiilibriums of the dissociation), H 2 additions increase 
the detonation velocity and decrease the maximum temperature and 
pressure. This is one result of the hydrodynamic side of the phenomenon. 
From Eq. (10) for detonation velocity, it can be seen that a large specific 
volunui (low density) is favorable for the detonation velocity. Lewis 
has concluded from this that dilution with an imu't gas of low density 
(helium) must increase the detonation velo(*ity. lie has made very 
interesting experiments with He and A additions, tlie results of which 


Table 31. — Detonation Velocities in Oxvokn-hydrogen Mixtures with 
Addition of Helium and Argon (From Lewis and Friauf) 

Initial Temperature 201° Abs, Initial Pri^ssure 1 Atm 


Mixture 


Detonation 

pressure 

Detonation 

temperatures 

Detonation v( 

‘loeity, III /sec 





atm 

Tl abs 

Computed 

Observ(id 

(2H2 + 0.) 

18.05 

3583 

2806 

2819 

(2Hj + 0,) 4- l.SIIc 

17.60 

8112 

3200 

3010 

(2H2 + O 2 ) + 3He 

17.11 

3265 

3432 

3130 

( 2 H 2 + 0.,) + 5He 

16.32 

301)7 

3613 

3160 

( 2 IT 2 + O 2 ) + 2.82110) 
+ 1 . 18A J 

1 

16.68 

3175 

2620 

2390 

(2H2 + O 2 ) + 1.511c 1 
+ 1.5A J 

1 

17.11 

3205 

2356 

2330 

(2H2 + 0.) + 1.5A 

17.60 

3412 

2117 

1950 

( 2 H 2 + Os) + 3A 

17.11 

3265 

1907 

1800 

(2Hs + Os) + 5A 

16.32 

3097 

1762 

1700 


1 Cf.j however, p. 206. 
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together with the theoretical values of the detonation velocity are given 
in Table 31, shown on page 176. 

The experiments confirm the expectations insofar as the He addition 
raises the detonation velocity whereas equal additions of argon lower it. 
Quantitatively, however — somewhat as is the case with hydrogen 
additions — the rise in velocity is less than is theoretically expected, 
and conversely an addition of argon lowers it more than expected. It is 
perhaps most reasonable to suppose that the reaction velocity is influ- 
enced. Probably the foreign gases play the part of one of the molecules 
of a triple collision in the recombination of active particles. 

Before furnishing further numerical ^^alues, we wish to give a few 
details on the technique of measuring detonation velocities. The photo- 
graphic method, which is applied most, is the same as that used in 
measuring flame velocities, except that it is necessary to work with 
considerably higher film speeds in detonation, and this gives rise to 
special problems. In the case of detonations that are weak in illumina- 
tion,^ it might be necessary to photograph with light from a foreign 
source. Thus shadows occur, and schlieren photographs result which 
have the advantage of permitting the photographing of oi'dinary shock 
waves. As we shall see later, it is interesting to photograph detonation 
waves with the aim in mind of detecting details. For this purpose, a 
high-spe(Hl film and good lenses are necessary if good results are expected. 

The speed of rotation of a film on a drum cannot be increased beyond 
a certain limit, or the film may loosen. Dixon, for example, had a drum 
of 1 m in circumference rotating at a speed of 100 m/s(M‘,, which is con- 
siderable if the film is to adhere. A substantial increase over this 
speed can be achieved only if films attached to the outside are dispensed 
with, since the centrifugal for(H‘ makes too heavy a demand on them. A 
solution of the problem lias been arrived at by two methods. The 
simplest of these was adopted by Payman, Bhepherd, and Woodhead,^ 
who fastened the film not on the outside V)ut on the inside of a hollow 
drum that was closed and supported only at one end. By a suitable 
prism arrangement, tlie flame picture was projected on the inside of the 
drum. A speed of 400 rps was attained. Since the circumference of the 
drum is only 50 cm, the maximum film velocity is 200 m/sec. Still 
higher speeds can be attained if the film is attached to the inside of a 
stationary drum and the flame picture is allowed to rotate over the film. 
This is made possible by a rotating mirror attached to the axis of the 

^ At the time when Mallard and Le Chatelier made their measurements with the 
photographic method, the negatives were so insensitive that only especially luminous 
detonations (CS 2 + 3 O 2 and CS 2 + 6NO) could be photographed. 

* Payman, W., W.C.F. Shepherd, and D.W. Woodhead, Safety in Mines Research 
Board Paper 99, London, 1937. 
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drum. Fraser^ has built a camera of that kind in the Bone Institute 
(Fig. 118). The mirror (a double-faced steel mirror of high optical 
and mechanical precision) rotates with a maximum speed of 500 rps. 
Since the flame picture travels at double the spciocl of the mirror as the 
result of the laws of reflection, this is equivalent to a film velocity 
of 1000 rps, corresponding to a maximum picture velocity on the film 
of 1000 m/sec. The high degree of analj^sis possible with this camera 
has given us important information on the mechanism of detonation, 
particularly its beginning stages. 

Schlieren photographs are used in Payman’s^ ‘Svave velocity’^ 
camera, with whicdi it is also possible to photograph shock waves. 
Laffitte® and his associates use shadoAv pictures, which arc especially 
suited to the study of the detonation limits at which the luminous 
phenomena are weak. For the same purposes, Wendlandt^ employed the 
chronoelectric method by using a ballistic galva- 
nometer as a metivsuring device. This method is 
relatively awkward, liowever, especially in deter- 
mining detonation limits, as we shall see later. 
In experiments in which the detonation must 
cover a great distance (c.r/., in the chronoelectric 
metliod), lead tubes are generally used, some- 
times rolled up on drums. The external form 
is of no importance. The same arrangement 
must be used if the detonation is to run for some distance in order that 
it is sure to be stationary, h'or photographing, a glass tube can be 
attached to the lead tube. Normally strong glass tubes do not always 
crack if a dc^tonation runs tlu'ough them. Sometimes it can be seen 
from the photograi)hs that the glass has crackod after a reflected wave 
has gone through it one or more times; but it does not affect the photo- 
graphs even if the glass shatters immediately, for the breaking is always 
a slow proc('ss cornpai-ed with detonation, and thus a picture of the undis- 
turbed detonation is obtained in spite of this. Often it is observed that a 
glass tube is able to withstand full detonation but bursts during its 
inception. We shall sec that abnormally high pressures arc noted 
especially in the initial stage. 



Fig. 118. 


^ Fraser, R.P., .7. lioi/. Fholog, Soc.j 74, 388 (11)31). A camera built on similar 
principles is also d(‘seribed liy Payinaii, Shepherd, and W'oodhead; see preceding 
footnote. 

® Paym an, W., and IT. llonixsox, Safety in Mmes Rcscarrh Board Paper 29, 1927. 

’Laffitte, P., and Patrie, Compt. rend., 191 , 1335 (1930). Patrie, M., Th(\se, 
Nancy, 1933. Laffitte, P., and M.J. Breton, Compt. rend., 199 , 146 (1934). 
Breton, M.J., Ann. office not. des combust, liquidcs, 11 , 487 (1936). See also “The 
Science of Petroleum, Vol. IV, 1938. 

^ Wendlandt, R., Z. physik. Chem., 110 , 637 (1924); 116 , 227 (1925). 
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A comprehensive view of the numerical values of detonation velocities 
is given for a series of detonating mixtures in Table 32 (taken from 
Laffitte, cited page 178). 

A number of interesting conclusions can be drawn from the numerical 
values of observed detonation velocities. Dixon found the values in 
Table 33 for dry and moist CO. 


Table 32. — Detonation Velocities at Room Temperature and Atmospheric 
pREwSsuKK (From Laffitte) 


Mixture 

/), m/sec 

, Autlior 

2 H 2 + O 2 

2C0 -f- O 2 

2821 

]2()4 

Dixon 

J )ixoii 

CS‘> + 3()-. 

1800 

Le (4i{itelier 

CH 4 + 2 O 2 

2146 

Dixon 

CH 4 + 1.50-. + 2.5N> 

1880 

r)ixon 

C 2 H« 4- 3.502 

C.>H 4 + 30> 

2363 

2209 

Bt‘rt lielot 

Dixon 

r..TT. 4- 20., 4- RN., 

1731 

2716 

2114 

Dixon 
i )ixon 

C 2 H 2 + I. 5 O 0 

C 2 H 2 4- I. 5 O 2 4- N 2 

1 ^ixon 

Cal-Ia 4- 30‘> 

2600 

1 /ifliite and Breton 

0 all 8 4 " t )0 2 

2280 

Laffitte and Breton 

i:-C4njo + 4 O 2 

2613 

jjaflit te and Breton 

-1- «SO., 

2270 

Jjaffitto and Breton 

CsHia + 80> 

2371 

Dixon 

Cf.H i 2 4- 8 O 2 + 2 L\‘. 

1680 

1 )ixon 

j-Xg 7 50., 

2206 

1 )i\'on 

CrJIf, + 22.50., 

1658 

Di.xon 

C^JIlOH + 30-, 

2356 

Dixon 

CaHfiOJI 4- 30- -f- 12X> 

1 690 

Dixon 



The great increase of detonation velocity by small additions of 
vapor can be explained only by tlie increase in redaction velocity. Small 
percentages of IbjO cannot infhuaice the density and temperature of the 
detonation wave to such an extent as to bring a}>out an increase of 
the velocity by aliout one-third. At liigher IT^O ])artial prc'.ssures, the 
rarefaction effect makes itself hilt. The influence of tlui reaction velocity 
is again to be understood as too small in a dry mixture to cause a detona- 
tion (under Dixon/s experimental conditions) with the velocity that is 
proper to the reaction 2C0 + 02 = 2 CO 2 . Only small additions of vapor 
cause a sufficiently rapid appearance of equilibrium in accord with other 
findings in this reaction (r/. Chaps. Ill and IX). 

Dixon has tested this influence of the reaction velocities experi- 
mentally by photographing the combustion. Through a window on a 
rotating drum, he selected a location on the tube through which the 
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Table 33. — Detonation Velocities of Dry and Moist Mixtures of 2CO + Og 

(From Dixon) 


Condition of the gas 

% water vapor 

Dj m/sec 

Dried with H 2 SO 4 + PlDb 



1264 

Dried with H 2 SO 4 

— 

1305 

Saturated with water vapor at 10°C' 

1.2 

1676 

Saturated with water vapor at 20 °C 

2.3 

1703 

Saturated with water vapor at 28°C/ 

3.7 

1713 

Saturated with water vapor at 35°C 

5 . G 

1738 

Saturated with water vapor at 45°C 

9 . 5 

1G93 

Saturated with water vapor at 55°C 

Ifi.G 

1 G 6 G 

Saturated with water vapor at 65°(' 

24.9 

152G 

Saturated with water vapor at 75“C 

38.4 

1266 


detonation passed. The length of the picture thus obtained gives a 
certain measure for the time needed for combustion. It was shown 
that, in a moist mixture of 2CO + () 2 , the combustion was extinguished 
in less than half the time required for its course in a dry mixture. It 
will be necessary to be cautious with (piantitative conclusions from this 
finding, since vapor also influences the radiation properties of carbon 
monoxide flam<is. 

More striking and more definite still are the phenomena in cyanogen 
detonation, according t.o Dixon. ^ Thi' detonation vcdocities of various 
cyanogen-oxygen mixtures are 


C2N2 “h O2 
2728 m/sec 


C2N2 + 2O2 

2321 m/sec 
C2N2 + O2 + No 
231)8 m/soc 


C,N2 + 302 

2110 in /sec 
CsN. + O2 + 2N2 
21 GG m/sec 


The mixture that burns according to the formula 
C 2 N 2 + 02 = 2CO + N 2 


has the highest detonation velocity. Dixon therefore concluded that 
conversion in the detonation zone goes only to CO and that, in case of 
oxygen excess, the rest of the c.ombustion takes place behind the detona- 
tion zone. This is proved by the experiments cited above, in which 
nitrogen instead of excess oxygen is added. If nitrogen is used instead 
of oxygen, the detonation velocity not only is not decreased but is rather 
somewhat increased on account of the smaller density (c/. pages 176-177). 
Here too Dixon furnishes direct experimental proof, by means of photo- 
graphs, of the fact that the reaction lasts longer with excess oxygen. 
The reaction C 2 N 2 + 2 O 2 requires many times the period to run its 

' Dixon, h.B., Trans. Chem. Soc.^ 1896, p. 759. 
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course that suffices for the reaction C2N2 + O2 (c/. the reproductions 
in Bone and Townend, page 156). 

The situation in the detonation of hydrocarbons is not quite so dis- 
tinct as in the foregoing cases. The results show once more that the 
greatest detonation velocity is reached in mixtures whose oxygen content 
does not suffice for combustion into CO2 + H2O, as the following exam- 
ples from Bone show: 

CIT4 + O2 CH4 + ^i02 CH4 + 2O2 Methane 

2528 rn/iiCG 2470 in /sec 2322 m/scc 

C2Ti4 + O2 C2H4 + 202 C2H4 + 3O2 Ethylene 

2507 ni/soc 2581 in/s(H; 2308 in /sec 

C2H2 O2 C2H2 / 2^5i C2H2 “h / 2O2 Acetylene 

2901 ni/sec 2710 in/sec 2391 m/sc‘c 

Tf a part of the oxygen is replaced with nitrogen in thi' mixture, which 
suffices for complete combustion into carbonic acid and water, a slight 
increase in the detonation velocity appears, for example, 

C2II4 + 3O2 C2H4 + 2O2 + N2 

2308 ni/scc 2413 in/si‘C 

The conclusion drawn by Bone that not all oxygon in the wave front is 
used in detonation with sufficiiait oxygon is not. n(H;essarily wrong, but 
it does not appear to be conclusive here; for, if (disregarding dissociation 
for the time being) the first mixture burns into 2(X)2 + 21120, it has an 
essentially greater density than the sc^cond with the terminal composition 
2CO + 2TT2O + N2. The considerable dilTerence in density could cause 
the greater detonation velocity in the second case even at a somewhat 
lower combustion temperature. Since obviously in sucii cases no true 
equilibriums are reached, but rather conditions in whicdi the one or the 
other conversion is to be regaixied as more inhibited, a theoretical 
treatment is uncertain. For example, Dixon found the following 
composition of the cold gases in the detonation of C2H6 + O2 with a 
velocity of 2180 m/sec: 

CO2 = 0.75% CO = 38.55% C2H2 + C2H4 = 1.10% 

CH4 = 8.15% and 112 = 51.1% 

in addition to condensed water and solid carbon. Apparently similar 
reactions occur in the detonation of hydrocarbons as in the slow oxidation 
and the purely thermal disintegration as well as in ordinary explosion 
(Bone, cited page 156) ; cf. also Chap. XI. 

4. Detonation Limits. — The location of detonation limits was first 
systematically investigated by Wendlandt (cited page 178). Although 
detonation can be induced relatively easily in the more explosive mix- 
tures, sometimes by means of a powerful spark or, in ordinary ignition, 
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by means of a moderately long flame, it becomes more and more difficult 
to produce the detonation wave in less explosive mixtures, especially 
near the detonation limits. It is then necessary to employ an initial 
ignition, as is done with solid explosives. For this purpose, either solid 
initial explosives are used (lead azide, fulminate of mercury) or the 
mixture in a lengthy tube is allowed to communicate with a second tube 
by means of a pet cock of the same bore if possible as the diameter of 
the detonation tube. In the second tube is a readily detonating mixture, 
like an oxygen-hydrogen mixture, which is ignited. If the detonation 
in a mixture difficult to detonate is brought about by means of the 
rapid detonation wave of a mixture easy to detonate, an excessive velocity 
is frequently obtained at the beginning because of the greater impulse 
of the initial explosive, which only gradually declines to that of the 



Pia. 111). — Dotoiiation limits of II 2 CO in O 2 . (f'Vow Breton, i>. 180.) 


stationary detonation. A d(>tonation wave Ciin also, l)y nutans of this 
added impulse, be produced in mixtures in tliems(‘lves not capable of 
detonation. The wave is not stable, however, but declines and is finally 
extinguished. It is therefore easy to be dectavtal if the detonation is 
observed only in a tube of 1 to 2 m in length direcdly connected to the 
initial tube. It is ncca^ssary instead to make su re in a longei* tub(i whether 
the detonation still exists and whether it is proccHuling with stationary, 
constant velocity (sometimes many meters of lead tubing are required for 
adequate observation). Only if this is tht^ case does real detonation 
exist and can the detonation limits be safely determined. Wendlandt 
has applied all these precautions in his investigation. The method of 
the later experiments by Laffitte and collaborators (who investigated a 
great number of materials and confirmed Wendlaiidt's results in the 
case of CO and H 2 ) has already been mentioned (page 178). In Figs. 
119 and 120, two typical curves are given that were obtained by Breton^ 
in the laboratory of Laffitte for the detonation velocity in determining the 
detonation limits. In the neighborhood of both limits, the detonation 

1 Breton, M.J., Ann, office nat, des combust, liquides, 11 , 487 (1936). 
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velocity drops sharply. Numerical values for detonation limits (chiefly 
from Lafhtte and his associates) are given in Table 34. 

The limits, as can be expected and as a comparison with the values 
given in Chap. Ill, page 132, shows, are narrower than for ordinary 
explosion. Just as the values of the lower limit, which is determined by 
lack of fuel, do not vary much for air and oxygen with normal ignition, so 
this is also true of detonation, even though with somewhat greater 
variations. 

Several peculiarities must still be emphasized. Breton has inves- 
tigated the influence of hydrogen on the lower detonation limit of 
2CO + O 2 . Substitution of 2 per cent of the CO by Ho decreases the 
lower detonation limit from 38 to 28.4 per cent.^ Once more this is a 



(DctonaiionsKescliwiinliRkfit. = dcUmatioM velocity) 


Fig. 120. — Detonation limits of prop.am* in oxygen. (From Breton.) 


confirmation of tlie reM(*tion-a(H5(4era.ting elTect of hydrogen or H 2 O on 
carbon monoxide combustion observed in many phene )Tnena. A peculi- 
arity that must likewise be caused by the sluggishness ol CO was observed 
by Le Chatelier. The shock wave produced by 0.75 grams ol fulminate 
of mercury does not ignite a mixture of 2CX) + O 2 because the wave 
is too fast and the CO combustion cannot lollow. On the other hand, it 
is possible to cause detonation of carbon monoxide regularly with the 
detonation of only 0.05 grams of tulminate of mercury. 

Breton has made very special observations with NII3-O2 mixtures. 
Here, although not in all experiments, a rise in the detonation velocity 
is observed near both limits. At the upper limit, this is best explained 
by the liberation of H 2 and the consi^quent lowering of the density. 
What takes place at the other limit is not as yet clear. 

^ For further information on the H 2 influence, see Breton, cited p. 182 and Laffitte, 
cited p. 178. 
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Table 34. — Detonation Limits (Fbom Bseton* anb Lafpitte*) 


Mixture 

% fuel in air or oxygen 

Lower limit 

Upper limit 

H,-02 

15 

90 

H^-Air 

18.3 

58.9 

C0-0‘>, moist 

38 

90 

CO-O 2 , dried with JloHO^ and PjOs 


83 

(CO + Hal-Oa 

17.2 

91 

(CO “h H'd-y-ir 

19 

5)8.7 

NII3-O2 

25.4 

75.4 

Calls-Oa 

3.2 

37 

i|l I j ()— C^‘> 

2.8 

31.1 

C-.H-Oa 

35-3.6 

92-93 

(h, 11, -air 

4.2 

50 

C4Mi„()(o1her)-0.. 

2 . G-2 . 7 

>40 

CJIioO-air 

2.8 

4.5 




1 Bkkton, M J., Ann office nat. combust, liguidea, 11» 487 (1936). 

^Laffittk, P., “The Science of Petroleum,” Vol. IV, p. 2995, 1938. 

Noteworthy, too, are Breton^s results in the case of acetylene (Fig. 
121). Acetylene-air mixtures show results analogous to thosf^ obtained 
with oxygen, only less definite. At the lower limit, the mixture is normal. 
In the neighborhood of 50 per cent (in a mixture wii.h air at considerably 



(Detoruitionsga^chwindiKkeit = detonation velocity) 

Fio. 121. — Detonation limits of acetylene in oxygen. {From Breton.) 


smaller concentrations), the detonation velocity passes through a 
maximum, so that one would expect the detonation limit just beyond 
this value. This is, however, not at all the case. Instead, the detona- 
tion velocity drops rather rapidly, passes through a minimum, and 
then rises once more to the upper detonation limit at 92 to 93 per cent. 
According to Breton and Laffitte, two distinct processes are at work 
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here: In smaller acetylene concentrations, we are dealing with detonation 
as a result of combustion; whereas, at higher concentrations, the main 
reaction is perhaps the disintegration of the acetylene introduced by 
combustion. 

5. Influence of External Factors on Induction and Propagation of 
Detonation. — In the theory of detonation velocity, use has been made 
of the fact that detonation progresses in a tube of constant cross section. 
If the detonation tube is suddenly widened, the impulse of the wave is 
transferred to a much larger mass of gas, and the velocity of the wave is 
correspondingly inhibited so that the detonation can fail to take place. 
Instead, a flame sometimes progresses. If the second tube is long- 
enough, a second detonation wave can form at some distance. Such 
phenomena were first observed by Campbell in 1922, and Laffitte,-* 
among others, carried out further investigations. lie (h'teTinined the 
distances that would have to be traversed by the flame after it entered 
the wider tube until detonation would again occur. These results arc 
given in Table 35 for the mixture CS 2 + 3 O 2 , the detonation having 
progressed in a tube of 7 mm diameter with a veloc-ty of 18(X) m/sec. It 


Table 35. — Recukuence of the Detonation aftek liEAViNa a Tube 7 Mm in 
Diameter and Entering a Second Tube (From Laffitte) for ('Sa 4*302 
Diainotor of th(i Distance in the Sccoiul Tube at Which 

S(!cond Tnbo, Min Detonation Agoin \j)pi!are(l, Cm 

13 8 


10 

24 

33 

44 


9 

15 

50 

100 


can be seen that the wider the tube, the more difFicailt it is for detonation 
to form again. The same effect is present in the spontaneous detonation 
arising from a flame. Laffitte gives the following data for the same 
mixtures according to Table 36. Remarkably enough, a raising of the 
initial temperature also has a retarding effe(4 on tlu', origin of detonation. 


Diameter of the 
Tube, Mm 
6.5-7 
16 
24 
34 
43 
54 


Table 36 

Distance from the Spark at Which 
Detonation Appears, Cm 
48 
52 
58 
84 
105 
131 


^ Campbell, J., J. Chem. Soc., 121, 2483 (1922). 

* Laffitte, P., Compi. rend., 177, 178 (1923); 179, 1394 (1924). Ann. phys., (X), 
4 , 623 (1925). 
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Laffitte^ has also conducted experiments on this phenomenon, and we 
record the results in Table 37. 

Table 37. — Flame Paths That Must Be Traversed Till the Appearance op 
Detonation (From Laffitte) 

For Various Temperatures 

2H2 “1“ O2 I CH4 + 2O2 


Initial temperature, 

Distance, 

Initial temperature, 

Distance, 

"C 

cm 


cm 

15 

60 

15 

55 

120-130 

73 

160-180 

74 

160-180 

78 

290-310 

90 

300-320 

jNo detonation in 

340-360 

iNo detonation in 

340-360 

( the tube 1 m long 

\ the tube 1 m long 


In judging these experiments, it should l)e remembered that a cor- 
responding decrease in concentration is connected with a rise in tempera- 
ture at constant pressure. 

According to experiments by Dixon, ^ the detonation velocity also 
decreases somewhat with the temperature, though not very much 
(Table 38). 


Table 38 


Temperature, 

1 ), in /sec 

“C 

2 II 2 -f O 2 

(^2114 ”{~ 2 O 2 

10 

2821 

2581 

100 

2790 

2538 


Conversely, a rise in pressure has a favonilde effect on the induction 
of det-onation and (to a smaller degree) on the detonation velocity. 
For the induction of detonation, we shall cite several experiments by 
Laffitte and Dumanois^ as well as by Egerton and Gates, ^ which show 
clearly that the distance to be traversed until detonation takes place 
becomes shorter the liigher the initial pressure. At this point, the obser- 
vation by Bone, Newitt, and Townend® should be mentioned that, in 

HjAFFitte, P., Compl. rend., 186, 951 (1928). 

® Dixon, II. 1^., Phil. Trans. Roy. Soc. London, A, 184, 97 (1893); 200, 315 (1903). 

* Laffitte, P., and P. Dumanois, Compt. rend., 183, 284 (1926). 

* Egerton, A., and S.F. Gates, Proc. Roy. Soc. London A, 114, 152 (1927); 116, 
516 (1927). 

* Bone, W.A., D.M. Newitt, and D.T.A. Townend, Proc. Roy. Soc. London, A, 
189, 57 (1933). 





DETONATION 


187 


high-pressure explosions of 2 H 2 + O 2 + 3.76N2 at 500 atm initial pres- 
sure, a completely steady course was noted, whereas at 750 atm initial- 
pressure violent detonation appeared at once and caused considerable 
damage to the apparatus. The influence of the pressure on the velocity 
of oxygen-hydrogen detonation is shown by the folloAving table for 
2 H 2 + O 2 , according to experiments by Dixon: 


p, mm Hg 

200 

300 

500 

7m 

1100 

1500 

D, m /s(^c 

2627 

2705 

2775 

2821 

2850 

2872 


Thus there is a clear even though small increase of the detonation velocity 
Avith the increase in pressure. Theoretically there is no direct pressure 
influence as long as one is in the range of validity of th(‘ ideal law of 
gases; however, there is an indirect influence in reactions that take 
place Avith a change of mol-nurnber Avhere tlu‘ pn^ssure displaces the 
equilil)rium. Especially the Avater and H 2 dissociations are retarded 
by pressure (c/. Chap. VI 1). This influence might suflice completely to 
explain the increase in detonation velocity through pressure found by 
Dixon. 


Table 39. — The Distance to Be Traversed by the Fj.ame Till ^j he Appearance 

OF Detonation 
For Various Initial Pr(*ssur(‘S 


Ijaffitte and Dumanois (25 nun f ulx') 
2 H 2 + Oj 

lOgcrlori ;iim] (JmIcs (15.9 mm tube) 

( ’,Jl, 4- 2.50, -1- 4N, 

Initial pressure, 

Distance, 

Initial pressure, 

Path, 

atm 

cm 

atm 

cm 

1 

70 

I 

52 

2 

60 

2 

30 

3 

52 



4 

44 

3.7 

22 

5 

35 



6 

30 

4.1 

18 

6.5 

27 




Correspondingly, a small extension of the detonation limits through 
pressure is to be expected, and this was found to be tlie case by Breton 
(cited page 182). The detonation limits for H 2 -O 2 , which amount to 
15 and 90 per cent at normal pressure, are extended by 8 atm of initial 
pressure to ^ 14 and 91 per cent. In other cases, the influence is similar 
to this. 

Just as a detonation wave is extinguished when entering a. wider 
tube from a narrower one, so a spreading of the detonation wave in open 
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space is not possible. Attempts to detonate a mixture enclosed in a 
large glass sphere by ignition at the center will fail, as could be expected, 
even if a detonation wave that has been coursing through a tube that 
terminates in the center of the sphere is used for ignition. If, however, 
detonation is induced not by simple ignition or by the detonation wave 
of a gaseous mixture but rather by means of a sufficiently powerful 
explosive, e.g., mercury fulminate, then detonation waves can be observed 
also in spheres. Laffitte' could thus observe the detonation of CS 2 + 3 O 2 
and 2 II 2 + O 2 in a large glass sphere. It is to be assumed that this was 
not a completely independent, stationary detonation wave but that the 
auxiliary effect of the shock wave of the explosive is an important factor. 

Payman and Shepherd- have shown that, by means of very violent 
initial ignition, it is possible to obtain a detonation-like combustion 
with velocities in tlie order of magnitude of those of detonation in 
methane-air mixtui*(is which are in themselves not capable of detonation. 
This jjrocess they call quasidetonation. Velocities of 1900 m/sec were 
obtained, but they are not stationary as in a n^al d(d,onation. 

Weisswciler^ made remarkable observations in determining the 
explosion limits (‘ignition limits’^) of chlorine and hydrogen mixtures in 
bombs. He observe ;d (extraordinarily steep, detonation-like pressure 
increases in tlu^ proximity of the hjwer ignition limit (e.g.^ with 7 to 
9 per cent H 2 in chlorine). Similar observations were made in H 2 -O 2 
(or air) mixtures. An explanation for the observations is lacking. It is 
probal)ly not a mat.t(U’ of a regular detonation wave, if only for purely 
geometri(;al rc'asons; but it is a matter of an extraordinarily rapid reaction 
of a part (or of the whol(‘) of t he mixture, quite as in the (;ase of knocking 
in an engine (c/. Chap. Xll). 

6. Detonation Pressures.- In the mechanical effects of a detonation 
(or shock) wave, the steepness of the wave front and the sudden and 
discontinuous pressure effect caused by it play a special role. The 
detonation pressures are about of the order of magnitude of 20 atm and 
in the most extreme case (atmospheric pressure always assumed as the 
initial condition) perhaps double that.'* As already discussed (page 1G8), 
it is ne(;essary to differentiate between the hydrostatic pressure in the 
wave and the total imi)ulse, in which the impulse of the burned gases 
striving to the front is contained in addition to the stationary pressure. 

iI.AFFiTTi:, P., Conipt. rend., 177 , 178 (1923); 179 , 1394 (1924). 

* Payman, W., and W.C.F. Siiephp:rd, Proc. Roy. Soc. London, A, 168 , 348 (1937). 
Attention is called to t h(\sc works because they also have a series of interesting detona- 
tion and schlieren photographs. 

* Weissweiler, a., Z. Elektrochem.j 42 , 499 (1936). 

* From the estimates of Langweiler (cited p. 172), it follows that the detonation 
pressure must always remain smaller than twice the pressure that would appear in an 
explosion in a closed container. 
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In a manometer affixed to the side of the tube, the hydrostatic pressure 
would be measured, insofar as it would be possible to measure pressures 
at all in the extremely short tune available. With the aid of piezo 
quartz, such measurements would perhaps not be entirely excluded. 
The method commonly used formerly of determining the detonation 
pressure from the breaking of glass tubes tested as to their tensile strength 
by static pressure seems to be inadmissible as a matter of principle, 
since conditions in the pressure effect of the wave front, which itself 
changes erratically and in addition lasts only a short time, are not 
comparable with those at static pressure. 


Table 40 . — Detonation Pressures (From Campbell, Littler, and Whitworth) 


Mixture 

p observed, 
atm 

p obser^ 

Jouguet 

red, at in 

( 'ampbell, 
liittler, and 
Whitworth 

2 H 2 + Os 

20.4 

17.5 



CH 4 + O 2 

34.0 

— 

36.3 

CH 4 -f 4 O 2 

26.0 

— 

25.9 

CsH, + 20s 

41.5 

— 

41.0 

CsH. + 3 O 2 

34.0 

— 

31.6 

C 2 H 2 -|- O 2 

41 .5 

54.5 

— 

C 2 H 2 + 2 . 5 O 2 

34.0 


30.0 

CsHj + 7 . 5 O 2 

26 0 

— 

25.8 


The total impulse would affect a plate placed perpendicularly in 
the path of the detonation wave. The (^irresponding method of deter- 
mining the pressure from the piercing of metal strips that have been 
statically calibrated and placed in the path of the detonation wave is 
perhaps subject to fewer objections than the breaking of a glass tube, 
for in the former method at least the entire surface is ecpially affected. 
The effect of the pressure is very brief, however, and it is therefore not 
certain whether the static (calibration is entirely dependalile for this 
purpose. At any rate, the detonation pressures measured by Campbell, 
Littler, and Whitworth^ acccording to this method are in good agreement 
with the computed theoretical values. 

It is significant that, at the moment of origin of the detonation wave, 
the pressures are essentially higher and can be up to twice as high as 
in the stationary wave itself. This is in agreement with other observa- 
tions on the origin of the detonation wave {cj. pages 196 ff.). Numerical 
values for the measured detonation pressures are given in Table 40, 

^ Campbell, F.C., W.B. Littler, and C. Whitworth, Proc. Roy. Soc. London, 
137 , 380 ( 1932 ). 
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according to Laffitte. In comparing the measured with the computed 
pressures, it should be noted that the values computed by Jouguet are 
not very accurate, because of the older data on specific heats, etc. In 
computing the detonation of hydrocarbons, it would be necessary to 
know what terminal condition is reached in the detonation zone. Con- 
sidering these facts, it is permissible to regard the agreement between 
measured and computed detonation pressures as satisfactory. 

7. Influence of Additions on the Origin of Detonations. — Because of 
its nature, the detonation process is in general considerably independ- 
ent of small impuritie^s in the experimental gases. When equilibrium 
is attained in the detonation wave, a marked influence of its velocity 
is only then possible if this equilibrium is displaced; but for this purpose 
impurities in small concentrations are inadequate. The situation is 
different if no (iquilibrium is reached in the wave front, as is sometimes 
the case in CO-O 2 detonations. In the latter case, it is possible as a result 
to influence the appearance of equilibrium and hence the detonation 
velocity considerably by small amounts of reaction-ataielerating additions 
like vapor (c/. page 180). Carbon monoxide combustion, however, is 
an exception in this regard. 

The situation is still different if the complete detonation is not 
considered but rather the process of originating a detonation from a com- 
bustion that is at first regular. Wc have noted above (pages 185-186) 
the influence of external factors like tube diameter and temperature on 
this predetonation period (expressed perhaps by the length of the path 
to be covered by the flame). Systematic investigations on the influences 
affecting the origin of the detonation wave have been made by Sokolik 
and Shtsliolkin.^ Dixon- and Laffitte and Dumaiiois^ have determined 
(as was to be expected) that the detonation velocity is not influenced by 
the addition of lead tetraethyl. Further, Egerton and Gates'* found 
that, in the case of pentane mixtures [C 5 H 12 + 8 O 2 + 2 N 2 and 
C 6 H 12 + 8 O 2 + 6N2(15N2)1 with initial pressures of up to 5.8 atm, the 
addition of h^ad tetraethyl in concentrations up to over one part per 
thousand did not delay tlie appearance of detonation. 

Sokolik and Shtsholkin observed that, under certain circumstances 
at low pressures (about 50 to 500 mm Ilg), the dependence of the “pre- 
detonation path” (i.c., the distance the flame must traverse before it 
can change into detonation) on the pressure can be (|uit-e remarkable and 
that, under these circumstances, the predetonation path can furthermore 

^ Sokolik, A., and K. Shtsiiolkin, Sovet. Phys.j 4, 195 (1933). Shtsholkin, K., 
and A. Sokolik, Acta PhysicocMm. URSS, 7, 581, 589 (1937). 

* Dixon, H.B., Trans. Faraday Soc., 22, 372 (1926). 

•Laffitte, P., and P. Dumanois, Compt. rend.y 186, 146 (1928). 

• Egerton, A., and S.F. Gates, Proc. Roy. Soc, London, A, 114, 149 (1928), 
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be lengthened by the addition of lead tetraethyl. “Pentane'' (namely, a 
petrol-ether fraction boiling from 38° to 40°C) in mixtures with oxygen as 
well as oxygen plus nitrogen was used for the experiments. The results 
are given in Fig. 122. In the case of pentane-oxygen (1), a smooth cur/e 
is obtained agreeing with other observations. However, as soon as some 
nitrogen is added (2), the curve takes on a more steplike form, which 
becomes more marked as the nitrogen is increased (3). A similar curve is 
noted in the case of oxygen-hydrogen mixtures (without nitrogen) (4). 
The paths of the curves show a certain similarity with r(4at ions found by 



Fig. 122. — Dependence of the prodetonation path on the profs.suro for Cf, II 12 4- 802(1), 
CsUri + 8O2 4 - 2N2(2), Cr.Hi2 + SO2 + 2H2 4 " 0 ' 4 ; 1 ). Arrows indicate change 

of the predotonation path by tlic addition of the per (sent Pb(eth)4 noted. {From 
Shtsholkin and Sokolilc.^) 


Townend and his collaborators^ between auto-ignit ion temperatures and 
pressures for hydrocarbons. 

In Fig. 123, the same is given again for the mixture Cr>Hi2 +8O2 + 
2N2; in addition, the curve shoAvn by a dotted lin(> whicli is obtained if 
1.2 per cent Pb(eth)4 is added to this mixture, i.c., a great amount com- 
pared with that used in running engines. As can b(; seen, predetonation 
paths in some pressure ranges can be considerjilily increased by this 
addition. The most reasonable explanation for tliis phenomenon is 
that a certain minimum reaction velocity is attained in the fresh gas 
compressed by the accelerated flame until detonation takes place. If 
this velocity is inhibited by rb(eth).i, the appearan(ie of detonation is 
retarded. 

Shtsholkin and Sokolik have also made experiments in which pentane- 
oxygon mixtures were heated to temperatures between 300° and 400°C 


1 Sokolik, A., and K. Shtsholkin, SowjeL 4, 195 (1933). Shtsholkin, K., 

and A. Sokolik, Acta Physicochim.j URSSj 7, 581, 589 (1937). 

* Townend, D.T.A., and M.R. Mandlekar, Proc. Roy. Soc. London^ A, 141 , 
484 (1933) and later works; cf. Chap. XI; ''The Science of Petroleum,” Vol. IV, 1938, 
as well as Cheni. Rev., 21 , 259 (1937). 
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under pressures of 300 mm, in a range in which cold flames appear 
with induction periods of the order of magnitude 1 to several seconds 
from the introduction of the gas on. The experiments were carried out 
in such a manner that, at various times from the time of the introduction 
of the gas into the same detonation tube, the mixture was ignited by a 
spark. It is demonstrated that the predetonation path (see above) is 
considerably shortened if the ignition takes place with the appearance 
of the cold flame or shortly thereafter. If, however, ignition takes place 
some time after the appearance of the cold flame, the length of the pre- 
detonation path is again extended, and sometimes no ignition takes place 



Fig. 12.'5.” Dependence of the pre- 
detonation patli on the pressure for 
C dill 2 + 80 2 + 2 N 2 ( 1 ) as well as for the 
same mixture 1.2 per cent Pb(eth)4. 
{From Shtsholkin and Sokolik.) 



Fig. 124. Dependence of the 
predetonation i)ath on the ignition 
instant, for pentane-air, 10 per cent 
superrich. {From Shtsholkin and 
Sokolik.) 


at all. The results of a number of e.xpcrimcnts, all of which were made 
at 335°C and 320 mm pressure, are given in Fig. 124. The predetonation 
path is plotted as a function of the time of ignition (from the introduction 
of the mixture). The shaded section in Fig. 124 corresponds to the 
interval of time (0.4 sec) in which the cold flames appear. Naturally, 
similarities between these observations and the knocking process in 
engines suggest themselves (c/. Chap. XII). 

8. Relation between Percussion Wave and Detonation: “Spin” of 
Detonations. — The most remarkable phenomenon connected with 
detonation is the so-called “spin,” which has been discovered only 
recently.* It was first observed by Campbell and Woodhead. By 
“spin” the following is meant: In the case of some detonating mixtures. 


' Campbell, C., and D.W. Woodhead, J, Chem. Soc., 1926, p. 3010; 1927, p. 1572. 
Campbell, C., and A. Finch, J. Chem. Soc., 1928, p. 2094. 
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for example, 2C0 + O 2 , photographs made with great speed reveal 
an undulating wave front and a striped effect of the flame picture closely 
connected with this waviness (Fig. 125 taken from Bone and Fraser).^ 
The most obvious explanation is that it is a matter of a luminous phe- 
nomenon accompanying the gas, which is rotated around the longitudinal 
axis of the tube, hence the term “spin.^^ However, it is not clear on 
general hydrodynamic principles why such a rotation should take place. 
In addition, it develops that those almost horizontal stripes are clearly 
nothing primary. A photograph taken by Bone, Fraser, and Wheeler^ 
with the extraordinarily great speed of Fraser’s camera, which fixes 
the processes in detonation during 1/10,000 sec at 25 cm of tube length 



:# 
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Fio. 125. — Spinning detonation. [From Bone and Fraser ^ PhU. Trans. Roy. Soc. London, A, 

vol. 230 (1931).] 

and which is especially impressive (Fig. 126), shows the following: 
From the undulating front, paths run obliquely to the fore. These 
correspond to shining particles that move with a velocity of 780 m/sec. 
At an angle of 22°, inclined backward against these traces, are paths that 
correspond to a reverse velocity of ^ 320 m (cf. Fig. 127). These can 
only be pressure waves in reverse, similar to the retonation wave. They 
run with only a low velocity, since the medium in which they move is 
flowing in the opposite direction. The velocity of 780 m forward might 
be essentially that of the burned gases. The velocity of 1100 m 
(320 + 780) relative to the burned gases is of the order of magnitude 
of the velocity of sound in the burned gases. 

^ Bone, W.A., and R.P. Fraser, Phil. Trans. Roy. Soc. Lorldon^ A, 230 , 371 (1931). 
* Bone, W.A., R.P. Fraser, and W.H. Wheeler, Phil. Trans. Roy. Soc. London^ 
A, 236 , 29 (1936). 
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The frequency of the spin in 2C0 + O 2 detonation amounts to 
148,000 in a tube of 3.62 mm diameter, and to 23,000 with 25.4 mm 
diameter, in other words, inversely proportional to the diameter of 
the tube. The “ pitch of the .spin is found to be about three times the 
diameter of the tube. 



Fig. 120. IMiotOKiaph of detonation. The pieturo shows the process with 

a tube ieiiKth of 25 eiu during ~1U'^ sec. [From Bone, Fraser, and Wheeler, Phil. Trans. 
Roy. *S<:jc. London, A, vol. 2;i5 (1930). J 

The hist ph()to< 2 ;rji]dis have shown that the original assumption of a 
rotation of tlie total gas mass does not necessarily follow. Indeed, the 
following observations by Bone and Fraser (cited page 11)3) actually 
contradict this assumption: If a burr 1 mm in height is placed longi- 
tudinally in the detonation tube 12 mm in diameter (Fig. 128), nothing 
is changed in the spin. Further, Bone, Fraser, and Wheeler (cited 
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page 193) observed that the spin is preserved in tubes whose cross 
section is an equilateral triangle, a square, or a right angle. One diflB- 
culty remains, however, for the explanation 
still to be discussed, namely, the spin phenom- 
enon as the rhythmic result of partial 
explosions. Bone and Fraser (cited page 1 93) 
found that spiral fragments appeared in glass 
tubes through which a “spinning’' detonation 
passed. They further observed^ that (Fig. 

129), in a glass tube through whicli a detona- 
tion passed that had come from a lead tube, a 
gray precipitate appeared on which was a 
spiral path with a pitch of 4 cm. Likewise, 

Bone, Fraser, and Wheeler found that, if the 
detonation passed through a silver-line<l glass 
tube, the silver had vaporized in a s]hral 

path. T>n)co^s(*s in I'is. 12r>. Com- 

The observations accordingly show that tho toxt. 
in so-called “spinning detonation” no basis exists for 1 lie je sumption that 
the entire detonating gas revoh'es about IIh' a\i^ of llu‘ tube; on the 
contrary, this assnm])tion may probably b(* considered as 
excluded. It s<‘(‘ms nec(\ssary to conclude that some 
process connected with detonation, c.f/., t he place of greatest 
Fia. 128. reaction V(‘locity in the proximity of the wall, propagates in 
a spiral path. 

Before we proceed to the explanation of the “spin” phenomenon, 
we shall concern ours(‘lves with the <U‘lails of th(' mt^chanism of the 
spontaneous origin of detonation as w(4I as with the introduction of 
detonation by artificially indu(‘(*d sluxL ^\av('s conccwiiing which work 





1 IG. 12a. — Glahh tube with lead coating thiougli whi<-h a sinnning detonation has passed. 
[From Bojk and Fraser, Fhil. Trans. Roi;. Boc. Lontlon, A, vol. 228 (1929).] 
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has appeared in recent years. Tliese pr()])loms have benm systematically 
studied by Bone and Fraser, even though there are many older individual 
observations. If a shock wave is permitted to afft'ct a ijlanc traveling 
in the same direction, an acceleration of the flame is always noted. 

' Bone, W.A., and R.P. Fraser, Phil. Trans. Roy. Soc. London, A, 228, 197 (1929). 
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Experimentally this can be done by connecting the explosion tube AB 
(Fig. 130), which has ignition electrodes at J5, with a tube CD filled with 



Fia. 131. — Effect of a percussion wave 
coming from the left (indicated by the 
dashed line) on a flame (ignited to the left 
above) . {From Bone and Fraser ^ Phil. 
Trans. Roy. Soc. London^ vol. 230.) 

ation, it will not change over into 


an inert gas, by means of a pet cock 
of equal bore. In the latter tube, 
it is then possible to create a shock 
wave at D by means of either a 
powerful condenser discharge or a 
solid explosive. Figure 131 shows 
a typical experiment. In this case, 
a shock wave of 760 m/sec was 
produced at a distance of 2.50 m 
behind the flame moving at first 
normally with a velocity of 38.6 
m/sec. After ^ 3.3 • 10“ ^ sec, the 
flame was overtaken by the shock 
wave so that its velocity was 
suddenly accelerated to 308 m/ sec. 
The shock wave (which is naturally 
not visible on this picture but whose 
probable course is indicated by the 
dotted line) now pri^cc^des the 
spontaneously accelerated flame, 
and the flame tries to overtake the 
shock wave. Before it is entirely 
overtaken, auto-ignition takes place 
at 4.25 cm ahead of the flame front 
by means of the shock wave. 
Detonation takes place with a 
simultaneous reverse ‘^retonation 
wave.^^ This phenomenon is ob- 
served again and again in similar 
experiments. 

The same phenomenon — ap- 
pearance of detonation ahead of the 
flame front — is also observed if the 
detonation is spontaneous without 
the aid of an independently in- 
duced shock wave. In itself this is 
not surprising, for every flame 
burning with acceleration (and if 
a flame does not burn with acceler- 
detonation) must produce a shock 


wave ahead of itself which can then have the same effects as an 
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artificially produced shock wave. This has already been seen on older 
pictures (Campbell and Woodhead, cited page 192). In Dixon^ there 
are photographs that can be interpreted only in this manner. Dixon 
has already discussed the question of whether the explosion overtakes 
its own sound wave in such cases. 

A particularly beautiful photograph that shows these processes espe- 
cially clearly and from which an analysis of the individual processes 
is possible is reproduced here in Fig. 132 and is taken from Bone, Fraser, 
and Wheeler. The same thing is represented schematically in Fig. 133 
with the velocities of the various processes given. In this case, ignition 



Fio. 132. —Processes during the origin of a Fi«. 133. — Sketcli of the processes 

detonation (the flame is coming from the right in Fig. 132 (numbers = velocities in 
above). {From Bone, Fraser, and Wheeler, msec"*). {From Bone, Fraser, and 
p. 191.) Wheeler, p. 191.) 

took place at a distance of 6.37 cm in front of the wave front. From the 
point of ignition, the combustion propagates toward both sides, to the 
front with a velocity at first of 3260 m/sec, which at the end of the picture 
has dropped to 1980; and at a further distance it assumes the value of 
1760 m/sec, which corresponds to the moist 2CO + O 2 (to which this 
picture as well as the others in this section refer). A general observation 
that can be recognized in most detonation photographs is this: The 
velocity at the moment of origin can sometimes be considerably greater 
than in the developed, stationary detonation wave. Connected with this 
is the fact mentioned earlier, that the pressures in the detonation wave 
at the moment of origin are also higher than in the stationary condition 
(page 189). The combustion in Figs. 132 and 133, which progresses 

^ Dixon, Phil. Trans. Roy. Sci. London, 200, 315 (1903). 
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“backward” from the place of ignition, i.e., toward the original flame 
front, still has a resulting forward velocity of ^ 360 m/sec as a result of 
flow. After striking the original flame front, a reverse wave proceeds 
from there with the velocity of 875 m/sec, which is probably identical 
with the retonation wave. 

The spin in the wave front is fully developed only after the velocity 
has decreased to that of the stationary detonation. For a further 
clarification of the processes, Bone, Fraser, and Wheeler have made 
shadow pictures that show the shock wave by itself shortly before it 

r 

Fio. 134. — Schlieren photograph of a perouHsion wave. {From Bone, Fraser, and Wheeler, 

p. 191.) 

is overtaken -by the flame, and also the disturbed wave front overtaken 
by the flame (Figs. 134 and 135). On the basis of various experiments, 
they give the schematic presentation of the origin of a detonation shown 
in Fig. 136. From above to below, Fig. 136 shows the various successive 
stages. BB is the sho(;k wave; A is tlie flame following it with a velocity 
of 1275 m/sec. At 4, ignition has taken place in the shock wave. The 
following stages cannot bo interpreted entirely satisfactorily. At any 
rate, the regular front forms by the union of shock wave and burning 



b 

Fig. 135. — a. Percussion wave; flame front to tlio riglit, h. Percussion wave and flame front 
close together with mutual disturbances. {From Bone, Fraser, and Wheeler, p. 191.) 


zone. Bone, Fraser, and Wheeler assume that the burning zone ends 
toward the front in a point, whost^ course on the periphery repn^staits the 
spin. The authors explain tlie movements indicating the presence of 
individual partial explosions directed forward and backward, which 
are connected with cyevy “wave” of the spin (Figs. 126 and 127) in the 
following manner: The spinning of the point of the burning zone causes 
a pocket of unburned gas to remain behind at every half turn for geo- 
metrical reasons; this pocket of gas then suddenly burns. This explana- 
tion for spin does not seem to be proved in detail by the experiments. 
In its favor is the fact that it embraces all the phenomena. 
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On the other hand, the explanation for spin provisionally given by 
Becker^ does not account for the paths observed on the wall of the tube, 
but for the rest it adapts itself completely to the experimental and 
theoretical findings thus far obtained. Just as in the extreme example of 
Fig. 132 ignition has taken place far ahead of the flame front, so combus- 
tion in the normally developed detonation wave can, though less pro- 
nouncedly, be extinguished rhythmically and again be ignited by the 
shock wave, which continues even without combustion. Although we 



Fig. 130. — Sketch of the origin of a detonation. Numerical values = velocities in insec“h 
{From Bone, Fraser, and Wheeler, p. 191. Compare the text.) 

have assumed a firm union of shock wave and burning zone as the ideal 
case in tlie theoretical treatment of detonation, both must here be 
accorded a certain independence. Shock wave and burning zone can 
separate and then unite again. For this process, a considerable number 
of direct experimental proofs can be furnished. It is possible, for 
example, to extinguish the detonation by means of a suitable external 
field, while the shock wave continues on its way, followed by a flame. 
A longitudinal electrical field, for instance, which was so directed 
that the flame produced ran from negative to positive, effected at a 
strength of 5000 volts/cm a deceleration of the flame to a maximum of 
800 m/sec. 

^ Becker, R., Z. Elektrochem.y 42 , 457 (1936). 
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To a magnified degree, the process to which Becker attributes spin 
is demonstrated in an experiment by Bone, Fraser, and Wheeler (cited 
page 193) in which a moist mixture of 2CO + O 2 was detonated in a 



Fig. 137. — Photograph of the detonation of 2CO -F O 2 in a tube 3.62 mm in diameter. 
The lower part of the picture shows the continuation of the process pictured in the upper 
part. {From Bone, Fraser, and Wheeler, p. 191.) 



tube of only 3.62 mm in diameter. This is very close to the lower 
limit of diameter at which detonation is propagated at all. In Fig. 137, 
a photograph is reproduced that shows this process. There is, first of 
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all, a flame velocity of 1225 to 1230 m/sec. Then detonation appears in 
front of the flame front with an initial velocity of 1840 to 1860 m/sec, 
which decreases to 1760 m/ sec. Thereupon the flame decelerates quickly 
to from 1155 to 1160 m/sec. At the same time, the shock wave appar- 
ently runs ahead of the flame with similarly decreasing velocity. About 
80 cm from the first detonation, the shock wave has decelerated to such 
an extent that it is overtaken by the flame, and a new detonation 
therefore takes place ahead of the flame front. Without a doubt, the 
exact process which Becker suggests for spin is duplica^ted, except that 
in a narrow tube the entire phenomenon takes place very slowly. 

If the explanation for spin suggested by Bone and Fraser were 
correct, it should be possible to observe the spin in a similar manner 
for all gas mixtures that detonate. In reality, however, spin is most 
pronounced in carbon monoxide (in all detonating mixtures with O 2 ), and 
in some methane, ethane, ethylene, CS 2 , and in C 2 N 2 -oxygen mixtures. 
Spin is not shown in H 2 -O 2 mixtures (at least, not by the photographic 
methods hitherto developed). On the other hand, H 2 -air mixtures show 
spin in the neighborhood of the detonation limits.^ That mixtures 
difficult to detonate (like 2CO + O 2 ) as well as mixtures in the neighbor- 
hood of the detonation limits show spin esj^ecially well seems not to 
exclude the possibility that a not sufficiently rapid reaction velocity 
and therefore a possible separation of shock wav(i and (combustion are 
actually the cause of spin (c/. in this connection page 206). 

9. Supplementary Material to the Theory of Detonation Processes. — 
The relations derived above for shock waves [Eqs. (10) and (11)] represent 
expressions that would result from a strict appliccation of hydrodynamics. ^ 
The simple formal theory represents the shock wave as an unstable 
surface in which fresh gas and exhaust gases are side by side. The idea 
of the wave front as an unstable surface, is of course, only a mathe- 
matical abstraction. If we introduce the influencce of heat conduction 
and internal friction, we obtain instead a continuous transition, which, 
to be sure, can take place in a very short distance under certain cir- 
cumstances. Becker (cited page 1G3) has made computations that take 
into account conduction and viscosity and has thus obtained relations for 
the frontal extent of the shock wave. In detonation, diffusion would 
normally have to be taken into account, just as it would in ordinary 
flames, since the reaction, even in the detonation wave, can be furthered 
by the diffusion of free atoms and radicals (c/. the stationary concentra- 
tions of H and OH in the oxygen-hydrogen detonation computed by 

^ Cf. Fraser, R.P., *‘The Science of Petroleum,” quoted p. 163. 

* For a detailed theoretical treatment of the origin of a compression stroke, cf. 
R. Becker, Z. Phyaik^ 8, 321 (1922); also E. Boll6, ‘‘Handbuch der physikalischen und 
teclmischen Mechanik,” Vol. VI, 1927, quoted p. 163. 
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Lewis). It is at any rate of interest to know the order of magnitude 
that results for the frontal width of explosion waves. For air, at atmos- 
pheric pressure and 0°C, Becker computes the following widths for 
various percussion pressures p 2 ' 


Vi =* (atm) 

2 

5 

10 

100 

— 


Front width / X 10"^ cm 

447 

117 

66 

16.5 

iHi 


• 

■■1 


For the pressures, which come into consideration for detonation waves, 
the frontal width is accordingly of the order of magnitude of the free 
length of path. To be sure, the values computed for an exx)losion wave 
cannot be directly applied to the somewhat different conditions actually 
in the detonation wave. 

We must treat more in detail the question of the stal)ility of the 
detonation wave. We must clarify whether the point / on the Hugoniot- 
curve (Fig. 116) actually represents a distinct condition of stationary 
detonations. Wc have already found (page 171) that the detonation 
velocity or the burned gas velocity is given by 

D — Vi = Vi \/tan a 

vi - V2 

W = (vi — V 2 ) X ^ = (vi — V 2 ) x/taiTa 

We have further seen that no real importance is attributable to the 
branch OF of the Hugoniot-curve and that the l)ranch FK must cor- 
respond to oi-d inary combustion. However, all velocities are possible for 
detonation that correspond to terminal conditions on the branch GDIB. 
An infinitely great detonation velocity would be attributable to the point 
G corresponding to a momentary combustion of the total gas at constant 
volume. For reasons of kinetics, that solution is impossible. It is to 
be exp(H*ted at the outset that points in the neighborhood of G do not 
come int-o consideration as a terminal condition. T\\q. point I is unique 
becaus(^ it, producers the smallest detonation velocity possible, to which, 
in addition, only a single terminal condition of the gases pertains, since 
for all oth('r velocities there arc two different possible conditions. For 
example (Fig. 116), the same detonation velocities pertain to the points 
D and B, 

It can bo sliown that, in point /, entropy is at a minimum, whereas it reaches a 
maximum in the lower contact point K on the combustion branch (point K is for our 
purpose of no special importance). That the entropy at point I assumes an extreme 
value can best be illustrated from Becker in the following manner: If we designate the 
internal energy at /? as a terminal condition by E 2 and correspondingly that proper 
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to D by while the energy Ex is assigned to the initial condition^, then the 
Hugoniot-equation is valid. 

Ez El ^ }4{pi + p2)(wi — Vs) 

E 2 — El — I4(pi 4- pDC*'! ■“ vj) 

As can be seen from Fig. 116, the right sides represent the surfaces of the trapezoid 
ABB A and ADD A . Hence the following is also valid; E^, — E2 ~ the surface of 
the trapezoid DBB'D' = }^(p2 + P2)(v' - va). Now the following is valid for the 
integral taken in the direction of the straight line DB: 

^ Id ^ ~ /d ^ ^ Jd V - Ni — E2 — Surface DBB'D' 

hence 

t//7’d,5=0 (18) 

If D and B are moved together infinitely, this changes into 

dS 


that is, this is valid for the tangent drawn from A to the curve. At I, the Ilugoniot- 
curve is touched by the curves = C, that is, the adiabatics. Equation (18) can 
clearly be fulfilled only if T dS changes its sign in proc(‘c ling from D to B. This 
means that, at a point lying between D and B, the adiabatic passing through this 
point is touched by tlie straight line DB. If one imagim's the curves S = const, 
i.e., the adiabatics, drawn in, then the latter must be sti^eper at B (above 7) than the 
straight line DB, and at D (below 7) they must be less steep than this straight line. 
If one designates the slope of the adiabatics with 


*P - 



ad 


while the slope of the straight lines is given by 


then the following is valid: Above I, <p > tan a; below I, < tan a. 

Now the speed of sound in the burned gases is^ 

A rarefaction wave appearing in the burned gases and progressing with 
the velocity of sound can overtake the detonation and weaken it if the 
velocity of sound in the burned gases + tlie velocity of the burned gases 
> the detonation velocity, or if 

^2 + (^1 — V2) \/taii OL > Viy / tan a 

^ The value for the velocity of the sound X (wave with vanishing amplitude) can 
easily be obtained from the above equation for D for the borderline case (p2 — Pi) — ♦ 0 


lim D 



X 
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As long as this unbalanced equation existed, the detonation would be 
unstable. Since, above Ij <p > tan a, it follows that also above I the 
detonation wave is mechanically unstable. At the point /, ip= tan a 
and exactly there, as we have mentioned on page 170, the detonation 
velocity is equal to the sum of the velocity of the burned gases plus the 
velocity of sound in the burned gases. Let us therefore assume that the 
detonation had been induced with a velocity corresponding to the transi- 
tion at point B. Then the detonation wave will be weakened by the 
rarefaction wave following it, and its velocity will drop until it cor- 
responds to the point I where the rarefaction wave can no longer over- 
take the detonation wave and accordingly cannot further weaken it. 
Actually the velocity of the detonation at its origin is often above the 
stationary velocity but soon drops to the latter value. 

This demonstrates that detonations corresponding to points above 
I are unstable and that toward this branch of the Hugoniot-curve the 
point / corresponds to the stable detonation velocity. We have already 
seen that the branch IG in the neighborhood of G (;an correspond to no 
real process. It remains to be shown that the rest of the points below I 
also do not come into consideration for a stable detonation. 

We have seen that the following is valid for the conditions D and B: 


El - E', = Hip, + - V,) 



That is, the same relation exists between the two conditions as exists 
between the initial and terminal condition in 
an ordinary compression stroke. Accordingly, 
a greater entropy must be accorded point B 
than point D. If we therefore assume that the 
burned gases at the moment of their origin 
change over into the condition of greatest 
probability, then in a given case not point D 
but instead point B would be reached. Since 
a detonation corresponding to point B is un- 
stable, however, the transition to point I would 
take place as observation shows. 

That entropy at I has an extreme value {dS = 0) has been shown; 

f S\ 

that it actually assumes a minimum, in other words, ( "^^ 2 ) ^ 

is proved in Becker, for instance (cited page 163). For purposes of 
illustration, we add a representation for the change in entropy as a 
function of v along the Hugoniot-curve, which is taken from Becker 
(Fig. 138). Under it, the corresponding curve for an ordinary compres- 
sion stroke is represented. In place of a maximum and minimum, only 


F'la. l38."“The points 
/, G, K correspond to the 
same points in Fig. IIG. 
The designation of the vol- 
umes is different from Fig. 
116. {From R. Becker, p, 
161. Compare the text.) 
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a turning point appears with a horizontal tangent at the 8 curve. The 
points 7, Gy K, and all coincide with the point Vi. 

The above condition of the touching of the Hugoniot-curve and the 
adiabatic at the point I yields the additional equation (already introduced 
on page 170) for the computation of the detonation velocity 



Perhaps it would be profitable to consider an objection that might 
be raised: Does a rarefaction wave really follow the detonation wave, 
and should the condition of mechanical instability above 1 really be 
taken into account? Against this objection, it can be pointed out that 
a rarefaction wave must always form 
at some distance behind the wave 
front under the usual conditions of 
a detonation even if the effect of 
cooling is disregarded; for we have 
already seen above (page 172) that 
the pressure in the burned gases will 
decrease toward the rear and that the 
original forward-directed movement 
of the burned gases must accord- 
ingly be decelerated and then re- 
verse. This can be directly 
demonstrated by detonation pictures 
(Fig. 139). The photograph of a 
spinning detonation taken by Bone 
and Fraser shows the forward- 
directed paths of the burned gases, 
but these at first take a straight 
course, then reverse with a decelera- 
tion amounting to almost a static 
condition. Beyond that the trace 

cannot be followed because the lumi- shows tlie bending of the patlis (di- 
. , , , reeled to the right and dow'nward) of the 

nous power is no longer great enough. burned gases. {From Bone and Fraser, 

In Dixon^s works, there are photo- London, voi. 230.) 

graphs that follow the traces considerably farther, showing a (jomplete 
reversal of the original velocity of flow of the burned gases. In Fig. 140, 
this is schematically portrayed. There can thus be no doubt that the 
conditions for the origin of a rarefaction wave behind the wave front 
are always present insofar as the above way of preserving the stability 
conditions is justified. 

It is important to understand how the reaction in the front of the 



Fiq. 139. — Detonation photograph. 



206 EXPLOSION AND COMBUSTION PROCESSES IN OASES 


detonation wave takes place^ and how great the velocity of the chemical 
reaction must be. 

For the first, it is almost self-evident that the velocity of the chemical 
conversion must keep pace with that of the progress of the wave front. 
It can further be assumed that the “thickness” of the wave front must 
be of the order of magnitude of a free length of path.® Only thus is it 
easy to understand that the energy liberated in conversion is transferred 
to the wave front by shocks and is thus made serviceable to the preserva- 
tion of the shock wave. 

Here, however, a x^eculiar difficulty appears. The detonation velocity 

is approximately as great as the veloc- 
ity of the thermal movement in the 
burned gases; but, if the reaction is to 
keep pace with the progress of the wave 
front, there would have to be a reaction 
at almost every collision of the mole- 
cules or at least in a great portion of 
the collisions. To be sure, the reaction 
in the wave front is furthered by the 
fact that, in addition to the subordi- 
nated thermal movement, the energy 
of the directed flow of the burned gases 
against the fresh gas is available as 
activating energy (this energy is of the 
same order of magnitude as the average 
thermal energy). This fact is of decisive importance especially for the 
detonation of solid explosives.^ 

However, even after all this has been taken into consideration, the 
output factor, even in the most favorable reactions, like that of oxygen- 
hydrogen combustion, for example, is considerably lower than unity, 
and actu dly is deci-eased by the probable presence of spatial factors. 
Especially in the oxygen-hydrogen reaction, extraordinarily high H-atom 
and OH-radic^al concauitrations appear in the detonation wave (see 
page 174). If the reaction lags behind the wave front by only a little, 
however, this high concentration is not available in the wave front. 

Considerably more unfavorable are the conditions in reactions that 
are inconceivable without the decisive participation of triple collisions, 
as, for examj)le, in carbon monoxide combustion; and conditions are 
most unfavorable of all in the combustion of more complicated organic 

^ Cf. in this connection Lewis, B., /. Am. Chem. Soc.y 62, 1320 (1930). He 
proceeds from a statement of the problem which has since been abandoned. Also 
JosT, W., Z. Elekirochem., 41, 191 (1935). For solid explosives, cf. Schmidt, A., 
Z. ges. Schiess- u. Sprengstoffw., 1935-1938 

* Cf. the computations by Becker for shock waves, p. 163. 
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Fig. 140. — Sketch of the bending 
of the path of the burned gases 
according to older photographs by 
Dixon, p. 159. 
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molecules and m the disintegration of solid explosives. The transition 
from a complicated molecule with perhaps over 20 atoms to the cor- 
responding terminal condition cannot be imagined without the participa- 
tion of a large number of collisions. If all this is taken into consideration, 
the problem is obviously not to find a mechanism that permits the chemical 
reaction to keep pace with the front of the shock wave, but rather to 
understand how a stationary detonation occurs, although the chemical 
conversion cannot in principle be completed in the wave front itself. 

In the theory of detonation velocity, it is, to be sure, not expressly 
assumed that the reaction terminates in the wave front; indeed, the 
processes in the wave front are entirely excluded from consideration. 
The assumption is, however, implicitly contained in it that the reaction 
energy can be utilized in the wave front. The formal introduedion of the 
wave front as an unstable surface would even demand thiit the reaction 
take place in an extremely short time. It is i)ossible to obviate the above 
difficulty by proceeding from a peculiarity of the theory of detonation 
velocity. We hav(^ shown (pages 202ff.) that only the detonation velocity 
corresponding to tlui point I of the Hugoniot-cuirvc (Fig. 1 16) comes into 
consideration as a stationary detonation velocity. 

The manner of proof is convincing and yet permits a peculiar situa- 
tion to exist: If we imagine the condition corresponding to ilie stationary 
detonation velocity as displaced by means of a small disturbance from 
the point I in the direction of B, then it follows from th(‘ al)ove considera- 
tions, since it must be in stability, that the condition will of its own 
accord return to I. In a displacement of I in the direction of Z>, we can 
see the same thing, but only very indirectly. In a displa(*emont up to Z), 
it follows only that the condition B belonging to the same detonation 
velocity is more probable, and on its part would then pass over to I. 
Clearly, however, it must be possible to show that, in a displacement of 
I in the direction of D, either this displaceirumt is reversc^d of its own 
accord or no possible wave can correspond to the brancdi IDG. For the 
terminal point G, this can be seen witliout difficulty. Infinite detonation 
velocity without a change of volume would correspond to it, t.e., the 
reaction would spread more rapidly from some spot than the change in 
volume could follow. Since the velocity always remains finite Avith the 
finite temperatures that come into consideration, this process may be 
excluded. 

By this, we are led to think of an influence of the reaction velocity also 
for the instability of the section between I and G.^ We suspect that, 
with finite reaction velocity, the branch IDG is unstable.^ 

^ Cf. JosT, W., Z. 'physik. Chem.j See. B, 42, 136 (1939). 

* In these considerations, use should be made of the fact that the reaction velocity 
is finitely great and not infinitely great. All considerations that make use of a special 
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Let us observe the detonation wave belonging to point D. In point 
D {cf, page 203), the sum of sound velocity plus flow velocity of the 
burned gases is smaller than the detonation velocity. Since, with finite 
reaction velocity, the reaction energy is entirely liberated only at a certain 
distance behind the wave front, this energy can no longer be furnished 
the wave front. The detonation wave is therefore weakened because 
the reaction energy cannot be furnished to it and its velocity decreases. 

Above J, the energy liberated behind the wave front could be directly 
transferred to it, but this range does not come into consideration for 
the reasons given above. It still remains to be considered whether in 
I itself the reaction energy can be transferred to the wave front. This 
is in itself possible; for, since a sound wave that would originate behind 
the wave front would accompany the latter at a constant distance, every 
compression wave with greater amplitude that moves with a velocity 



greater than sound must overtake the wave front. Even though little 
energy is liberated and the wave velocity is only a little above the 
velocity of sound, a wave could overtake the front, which does not come 
into consideration for points between I and G. 

This shows, to be sure, that a transference of the reaction energy 
to the wave front at I (at not too low a reaction velocity) is possible; 
but, since use has been made of the spreading process of a Avave, it has not 
been shown Avhether, under these circumstances, a completely stationary 
condition can appear. This would demand a very thoroughgoing 
examination. 

However, the folloAving thought suggests itself: Instead of assuming 
that the reaction is continuous, let us observe the simple borderline 
case of a completely discontinuous reaction (Fig. 141). Let the wave 
front meet the fresh gas at A and let a certain distance to B be traversed 
before lively reaction between A and B takes place. Since, during this 
period, no delivery of energy has taken place, the shock wave must have 
been weakened and decelerated (Fig. 142). Now the reaction between 
A and B has taken place rather suddenly. From the place of reaction. 


reaction mcclmnism and special numerical values of the reaction velocity should be 
excluded in the framework of the thermodynamic-hydrodynamic theory. 
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waves proceed forward and backward, of which one delivers energy to the 
front of the shock wave and accelerates it, while the other must be visible 
as a reverse wave (Fig. 142). In the meantime, the wave front has 
traversed the section BC^ although reaction did not take place in it. 
The wave is again decelerated, and again sudden reaction and a renewed 
acceleration of the wave takes place. The view that we have given 
here corresponds rather precisely to that observed in spinning detonation 
(c/. Fig. 126). Our observations differ from similar considerations by 
Becker (cited page 199) in the fact that the point of departure is a different 
one and in the fact that we consider new ignition not in the front of the 
shock wave but in the section already traversed by the shock wave, as 
reaction-kinetic considerations suggest. On the basis of these observa- 
tions, we should expect that the distance AB that must be traversed by 
the wave front until lively reaction takes place is longer in proportion 
as the mixture is sluggish in reaction. This appears to correspond very 
well to experimental findings (c/. page 200). 



CHAPTER* VI 

FLAMES OF GASES NOT PREMIXED 

It is our aim essentially to present the processes in the ignition and 
combustion of explosive mixtun^s. In so doing, we have come upon a 
group of conversions in the detonation processes in which the velocity 
of the chemical reaction no longer plays a role. Its magnitude determines 
only whether detonation takes place or not. As long as we restrict 
ourselves to the action of premixed gases, in other words, to the action 
of an explosive mixture, tliese arc the only processes independent of the 
reaction velocity. In acjtual ])ractice, however, in a considerable group 
of combustion processes, the combustion velocity is not determined — or 
at least not predominantly determined — by tlie reaction velocity. This 
is the case in the coml;)ustion of gases not premixed, exami)l(\s of which 
are the ordinary (aindle flames, the illuminating-gas flame, the combustion 
in the outer ring of the Bunsen flame, and all technical combustions with 
gases not premixed. Suc-li combustions ai-e important either if we need 
a definite atmosphere al)()ve the material to he heated, e.g.^ a reducing 
atmosphere in the Siemens-Martin furnace, or if we place spe(dal value 
on the highest possible radiation at not too high temperatures. For this 
purpose, the flame of gases not premixed and with carbon elimination 
in the range of excess i'wd is especially favorable. In such cases, the 
reaction velocity of the flame is of subordinab' importance as long as the 
temperature of the flame is high enough. What determines the velocity 
of the combustion in this case is th(? rnixing process. 

For mixing, diJTusion is one of the first considerations. In technical 
combustion on a large* scale, the conditions for mixing by diffusion 
alone are no longer given; for only by laminar flow could mixture exclu- 
sively by diffusion occur even at greater layer thicknesses. Under the 
conditions of technical coml)Ustion, however, avc must generally, if not 
always, reckon with turbulence. Even tliough a discussion of these 
processes may lead somewhat beyond the limits of the processes treated 
in this book, we shall, l)e(aiuse of the technical value of the subject, at 
least give a survey of the subject. We follow Rummel,^ who is chiefly 
responsible for clarifying these relations. 

Even though these processes have a special type of firing for their 
object, they nevertheless show especially clearly the importance of 

^ Rummbl, K., “Dor Einfliiss des Mischvorganges auf die Verbrennung von Gas 
und Luft in .Feuerungen,” Verlag Stahleisen, Diisseldorft, 1937. 

*^10 
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turbulent mixture, which surely can be of importance in other cases too, 
though it has not always been accorded sufficient attention. 

We shall first regard a more simple individual case, a burner of small 
dimensions with laminar flow and mixture exclusively by diffusion. This 
case has been treated theoretically by Burke and Schumann,^ but with 
considerable simplifications. Let us imagine a cylindrical burner of such 
construction that the fuel gas is furnished from an inner tube of the radius 
r while the fresh gas flows from a wider concentric tube of the radius R 
(Fig. 143). In order to make a simple theoretical treatment possible, we 
must assume that the velocity of floAV of gas and air are the same and are 
also constant over the entire cross section, in other words, that the 
conducted masses of air and gas arc to one another as the cross sections 
of the tubes, as (72^ ~ If we ignite such a system above the 

mouth of the inner tube, a stationary flame can form above it with suitable 
flow conditions. This flame, assuming sufficient air 
supply, might correspond to the form of a free-burning 
candle^ or a luminous gas flame. With excess air, this 
flame has approximately the form shown in Fig. 143a. 

If its height is designated by y, a further diffvnion will 
take place al:)Ove y, and this diffusion would be of such a 
nature that the air content in the center, which is equal to 
zero at point y where the combustion would be complete, 
continuously rises to a terminal value, if no excess of air 
is present, no mixture with excess air results as a terminal 
gas. Thus, just as in the preceding case the range of the 
terminal gases was obtained by widening the range of the 
fresh air, so the range of the terminal gas in this case must 
be obtained by widening the range of tlie fresli gas. In 
other words, a burning zone of the kind shown in Fig. 143& 
must be expected. Experiments show that, also in the 
case of diffusion flames, we obtain a thin bui*ning zone that 
can be described as approximately plane. 

It is possible to treat these and similar diffusion 
problems {e.g., the case of the plane flame in Fig. 144) 
quantitatively and thus to compute the form of the burning surface as 
well as the height of the flame. For further details, see Burke and 
Schumann as well as Lewis and v. Elbe.^ 

Except for the computation of the flame form, it is possible to arrive 
at the proper conclusions by means that are considerably more elementary 

1 Burke, S.P., and T.E.W. Schumann, Ind. Eng, Chem., 20, 998 (1928). Cf. 
also Lewis and v. Elbe, “Combustion, Flames and Explosion of Gases.” 

* The candle flame differentiates itself from the above-treated diffusion flames by 
the further fact that the fuel is first vaporized by the heat from the burning zone. 



I'lo. 143.— 
Diffusion 
flames. Fuel 
flowing in the 
inner tube, air 
ill the outer 
tube. a. Flame 
with excess air. 
b. Flame with 
excess fuel. 
{From Burke 
and Schumann.) 
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than those which were employed by Burke and Schumann. However, 
since their computations have been made with considerable simplifica- 
tions, which will be discussed later, the results of our simpler method 
should produce about the same degree of accuracy as theirs. The 
simplifications of which Burke and Schumann made use, in addition to 
those already mentioned, are as follows: The velocity of flow and the 
coefficient of diffusion are assumed to be constant along the entire flame, 
although both can increase in the interval of initial to terminal tempera- 
ture by about five to ten times. The errors thus introduced compensate 
each other to some extent, to be sure; for the increase in flow velocity 
with the rising temperature tends to draw the flame 
fjp out lengthwise, whereas the simultaneous increase of the 
^ diffusion coefficient has the opposite effect. An exact 
compensation cannot be reached, since v increases with 
the temperature in inverse proportion to the densities 
of the gas, while D must increase considerably, since it 
already rises at constant density with a power of T lying at least between 
% and 1. As a second simplification, it is assumed that the diffusion 
takes place only perpendicularly to the direction of flow,^ for only thus 
does one obtain a simple radial symmetrical or one-dimensional diffusion 
problem. Since the burning surface is noticeably inclined toward the 
direction of flow, this assumption too is fulfilled only approximately, but 
only negligible errors could result. Finally, all these considerations 
naturally do not hold for turbulence. 

We therefore content ourselves with the following consideration: The 
height of the flame y, will be given by the fa(;t that, at the place at which 
the flame ends, the average depth of penetration of air in gas by diffusion 
must be about equal to r (Fig. 143), and that of gas in air must be equal to 
R — r. In order to estimate the depth of penetration Xy we employ the 
formula of the average square of displacement 

= 2Dt (1) 

in which we substitute for as an approximation. If we now disregard 
the same entities that Burke and Schumann disregarded, we can state 
(Fig. 143), if V is the velocity of flow of gas and air, 


Here t is the time the gas needs to flow from the mouth of the burner to 
the tip of the flame at y, in other words, also the time that is available for 

^ Since in laminar flow the velocity of the flow is not constant over the entire cross 
section, a diffusion perpendicular only to the direction of flow is out of the question. 



(Luft =» air) 
Fig. 144. 
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diffusion aa a whole. If (2) is combined with (1), 





^ “ 2D 


(3) 


From this, it is possible to read right off what follows from the compli- 
cated result of Burke and Schumann: 

1. The height of the flame y remains unchanged if the burner dimen- 
sions are enlarged in the ratio m (in other words, if we write m.x instead 
of X, and at the same time keep the increased volume coijstant, while the 
linear flow velocity decreases to vj'mP), From (3), it follows that y then 
retains its original value. 

2. y must change in the opposite manner from D, A comparison 
shows that the flame height of a carbon monoxide flame is to that of the 
corresponding hydrogen flame about as 2.5 to 1, whereas the diffusion 
coefficients at room temperature are about in the ratio 1 : 4. 

3. If the fuel gas of a flame with excess air is replaced by an inert 
gas, the flame must get shorter because now less oxygen needs to diffuse 
into the fuel gas than before. A quantitative relation for this cannot 
be derived from (3). Conversely, a flame with lack of air must become 
longer (Fig. 143) if a part of the fuel gas is replaced by an inert gas, 
because the concentration gradient for the fuel gas diffused into the air is 
now correspondingly smaller. 

4. If other factors are constant, y is directly proportional to the flow 
velocity v (Table 41). 


Table 41. — Gas Velocities and Heights of Diffusion Flames (From Burke and 

Schumann) 


Liters of 
air p(T hour 

Liters of 

methane per hour 

FJame 
height, cm 

Flame height divided by the 
volume of flow of methane 

198 

10.7 

3.1 

0.29 

382 

21.2 

8.6 

0.405 

509 

28.3 

11.3 

0.40 

573 

37.1 

14.8 

0.40 

835 

46.4 

18.4 

0.396 

1050 

58.4 

22.9 

0.392 

1160 

64.6 

25.1 

0.389 


We can also attempt to measure the absolute height of the flame. 
Considering the great simplifications in computation, we can expect no 
more than an agreement to the extent of the order of magnitude. If a 
better agreement actually is obtained, it may be regarded as chance. 

Burke and Schumann, for example, obtained a flame height of 3.3 cm 
for a flame burning with excess air at r = 1.27 cm, = 2.54 cm, and with 
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V — 1.55 cm/sec as well as D (at room temperature) ^ 0.5 cmVsec, If 
we use (3) for purposes of estimation, we obtain with the same numerical 
values, in other words, x = 1.27 cm, 

1 272 

y = 1.55 • = 2.5 cm 

which is a satisfactory agreement and is well in accord with the results 
of experience. 

If we now take an extreme example, as often occurs in industrial com- 
bustion, let us say, x = 5 cm, v = 10^ cm/sec, and if we retain the same 
value for D, then, 


-- = 250 m 


which far exceeds the dimensions of the furnaces. Even if we consider 
that the jet of gas in technical combustion is not enclosed in an outside 

tube and can thus spread to the side, resulting 
in a low^er velocity than at the exit, the con- 
version times OT‘ paths obtained are still far 
too long, '"rechnically this would mean that 
an extremely inefficient use of the fuel gas 
would take place inside the actual furnace. 
In reality, su(*li long burning periods, 25 sec in 
the above instance, are not necessary. One- 
tenth of this suffices. The mixing process in 
these techni(^al combustions must thus take a 
different course. A complete mechanical 
mixing is obviously out of the question. 
However, gas and air can be quite thoroughly 
mixed by turbulence, and the remaining gas 
and air fields are then so small that the mixing 
still to be done can easily take place by 
diffusion in the time remaining. If, for 
example, the thickness of the layer of the indi- 
/T.uft = air \ vidual air or gas fields were reduced by turbu- 

\Zundniirhr-*ignition surface/ Icucc ffom the Original 5 to the value of 1 cm, 

Fio. 145. Sketch of firing time needed for diffusion w^ould be reduced 

Compare the text. {From to 3^25- H fhus Clear that the Small turbu- 

Rummei p. 208 .) Icncc causcd by flotv is sufficient to accelerate 

the mixing process considerably. 

For a given technical combustion, it is important that practically 
complete conversion takes place in the actual combustion chamber in 
order to avoid losses. It might further be demanded that a lack of air 
prevail in the neighborhood of the reaction material in the furnace in 
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order that no iron will bum off, e.g,, in the Siemens-Martin furnace. This 
means that an additional demand is made on the mixing process in the 
combustion chamber. 

In order to illustrate the conditions in combustion, it is necessary to 
show the spatial division of the reacting materials (as it can be determined 
by tests taken at various points by means of probes and chemical analysis). 
In this procedure, it is advisable, according to 
Rummel, not to give the results of the analysis 
(percentage of CO 2 , O 2 , etc.)^ but to compute 
back from these to the portion of unburned gas^^ 

G', air I/', and reaction gas^^ 7^', in which the prime 
indicates that all this refers to the moist component. 

In this manner, we obtain the schematic presenta- 
tion of the conditions in combustion sho\vn in Fig. 

145. 

Air and gas are emitted side by side and mix 
from the contact surface on. Since both are cold, 
ignition does not take place immediately. It occurs 
only after a certain pre warming zone [zone (3) 

G' + U in Fig. 145]. The surface 72' = 0 is tlie 
ignition surface. Between pure gas [G' = 1, field 
(1)] and pure air [L' = 1, field (2)] and the reaction 
zone (6) are contained the fields (4) (gas + reacllon 
gas, G' + 72 = 1), as well as (5) (air + reaction 
gas, L' + 72' = 1). The reaction zone itself does 
not form here into an extremely thin layer that 
might be regarded as a surface, but rather it can 
be extended at will for the following reason: Fresh 
gas (+72) and air (+72) enter field (6) by turbulence, 
f.e., individual ribbons and threads of gas floAV 
around each other here in an irregular maimer from 
fields (4) and (5). Between the individual partial 
fields of the composition (4) or (5), the diffusion 
and the reaction take plac(i in a very thin bordering 
layer; but, since the n^gion that is filled in sucli an 
irregular manner by gases from fields (4) and (5) as 
well as by reaction products is finite in extent, conversion also extends 
over such a region. 

To illustrate further, it is necessary to supply the concentrations 
of the individual components in the individual fields from place to place. 

' If the fresh gas contains hydrocarbons in addition to CO and H2, the various 
components will be variously combined by incomplete combustion. The percentage 
of these various entities is therefore in itself not the characteristic feature for the 
combustion condition. 



(Luft «= air) 

Fig. 146. — Propor- 
tions of mixture as gas 
and air leave a bats- 
wing Inirrier and enter 
a burner space with the 
tei ininal condition X/ = 
1 . 1 . (\, air factor, 7 , 

gas factor. Compare 
tlie text.) (From Rum- 
mel, p. 208.) 
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Since it is the mixing process that is of special interest, the analjrtical 
values of Rummel are applied to the composition as it would be at each 
place without conversion having taken place. The simplest factor thus 
obtained is the *^air factor^’ X, that is, the ratio between the mass of air 



Fig. 147. Fig. 14H. Fig. 149. 


( (StrahlbrcMle = width of jet. Fiir Versuch = for experiment. Lvift = uir .\ 
StriihlbenrenzniiK == boundary of jet 1 

Kiirven der wirklielien Verbreniiung = curves of actual combustion I 

Zeitkurven - time curves / 

Fig. 147. “ Illust ration of the jet in the experiments of Hummel. 

Fig. 14S. — True jet velocity in m/sec in experiment A. 

Fig. 149. — Time duration during which the gases remain in firing in experiment A. 

actually present and that required for complete combustion. For a 
stoichiometric gas-air mixture, therefore, X = 1; for pure air, X = oo ; 
and, for pure fuel gas, X = 0. 

By analogy, we can also introduce the ‘'gas factor'^ y(= 1/X), which 
also equals 1 for the stoichiometric mixture, but for pure air = 0 and for 
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pure gas = 00 . In this manner, Fig. 146 taken from Rummel illustrates 
a combustion chamber, assuming that the terminal condition corresponds 
to the value X = 1.1 (z.e., 10 per cent more air is required than is necessary 
for complete combustion). 

A survey of the flow conditions in the length of an actual burner 
and of the resulting times of presence of the gases in the burner is given 
in Figs. 147 to 149 (from Rummel). They require no explanation. 

Even though it is impossible to say" a priori with certainty that the 
mixing process is not changed fundamentally by the combustion process,* 
it is at any rate useful to investigate the mixing {process separately in 



Fia. 150. — Influence of the nozzle velocity v on the mixing process. Width of slit 14 mm, 
height of slit 50 mm, X values. {From K. Rummel, p. 208.) 


suitable model experiments. For this purpose, a small experimental 
length was built in which air and a ^^gas^’ (‘onsisting of air mixed with 
0.5 per cent H 2 was used. The spread of the “gas^’ could thus easily 
be determined by means of hcat-c.oiiduc.tivity m(;asur(*ments made on 
samples, since, according to this method, Jfoo of H 2 in air is still 

easily determined. Because of tlie comparisons that are necessary when 
applying the results obtained from the model length to full-scale opera- 
tions, we simply refer the reader to Rummel (cited page 210). Of the 
results thus obtained, we shall give only a small sample. Figure 150 
shows a series of experiments in which the load and the resulting velocity 
of the escaping gases were changed with gas-exit slits of 14 by 50 mm. 

1 Special experiments have shown that the process of mechanical mixing is actually 
determining for the space and time required for combustion under the conditions of 
practical operation. Between 900® and 13C0®C, an influence of the temperature on 
the velocity of combustion cannot be proved, as would certainly be the case if the 
reaction velocity played a role. The latter may therefore be regarded as infinitely 
great for the conditions of actual practice. 
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Although a greater jet velocity tends to draw the flame lengthwise, the 
mixing process is fastest at the greatest jet velocity, because the turbulent 
energy becomes greater and shortens the mixing path more than it is 
extended by the greater jet velocity (spatially). This is perhaps the 
most conclusive proof that turbulent mixing and not diffusion determines 



Fig. 15 1.- -Influence of the mutual inclination (angle «) of the gas and air jet on the 
mixing process; values from 0.9 to 0.5, nozzle velocity unchanged, 10 rn/soc. Height of slit 
60 mm, width 14 mm. (Dimcn.sions in mm.) {From K. Rummcl, p. 208.) 


the mixing process over large ranges. The inclinations of the air and gas 
jets have a favorable effect (Fig. 151). An enlargement of the angle at 
which the jets strike upon one another causes an extraordinary shortening 
of the mixing space. 

Further experiments tested the fact that an application of the results 
of these model experiments on practical combustion is permissible on the 
basis of similarity. We refer the reader to the original works. 




CHAPTER VII 


FLAME TEMPERATURES. RADIATION INVESTIGATIONS 

ON FLAMES 

1. Measuring Flame Temperatures. — A completely acceptable man- 
ner of measuring flame temperatures offers many difficulties. In bomb 
explosions, the maximum temperature reached can best be determined by 
pressure measurements (what is obtained is in reality a spatial mean value 
of the temperature of the mixture; cf. Chap. IV, page 148). From the 
recorded maximum pressure, the temperature of tlie gasc;s is obtained 
if the composition of the substances formed is known (there is probable 
dissociation at high temperatures), assuming, as may generally be done, 
that the laws of ideal gases hold. In this mannei’, bomb explosions are 
used to determine the specific heats of gases. 

Direct measurement of tempe^ratun^, by means of a thermocouple or 
a resistan(!e thermometer sonu^times used in bomb explosions, yields 
uncertain results if only because of the iiuniia of adjustment during the 
short time of the explosion. Evam if w(‘ att(‘mi)t to reduce the inertia of 
adjustment by the use of very thin wires, other sonnies of error remain 
that appear also in the case of temperature measurements of statically 
burning flames, especially errors by heat conduction and radiation. 
Especially at high temperatures, radiation becomes noticeable and can- 
not, like coiidu(;tion, be eliminated by the use of very thin wires. Hop- 
kinson^ has shown that, at gas temperatures of 1600° to 1800°C and with 
the use of wires of only 0.25 mm diameter, a temperature difference of 
180° to 200°C can appear between wire and gas as the result of radiation. 
Nevertheless, it is possible in the case of static flames to arrive at exact 
temperature measurements by giving the wire inserted into the flame as 
much energy by means of electrical heating as it gives off by radiation. ^ 
In practice, this is done by measuring the radiated energy directly {e.g., 
with a bolometer). Then the radiated energy is graphed as a function 
of the temperature of the wire, which is likewise measured, when the wire 
is without current and is then heated to various measured high tempera- 
tures by various electrical energies. The electrical energy given the 

^ Hopkinson, Proc. Roy. Soc. London^ A, 77, 387 (1906). 

* Schmidt, II., Arm. Physik, 29, 1027 (1909). Kohn, H., Ann. Physikj (4), 44, 
749 (1914). 

We assume that the conditions of experiment are so chosen that loss of heat by 
conduction through the wire is excluded. 

?19 
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wire (or rather the current intensity i used within a series of experiments 
as a measure of the energy) is likewise graphed as a function of the tem- 
perature of the wire (Fig. 152). At a certain temperature T\, the two 
curves intersect. Here the radiated energy is equal to the electrical 
energy, and as a result this temperature must be equal to the flame tem- 
perature, for we have assumed that the wire gives off energy only by 
radiation. If this energy is exactly supplied by the electrical energy, 
however, the wire exchanges no energy with the surrounding flame, and 
both therefore have the same temperature. Determining the energy 
given off by the wire can be avoided by proceeding in the following 
manner:^ As above, the temperature of the Avire in the flame is plotted 
at various heating-current intensities. The energy emitted by the Avire 
by radiation is obtained (assuming that conduction losses are negligible) 

by heating the same wire in a vacuum and 
plotting its temperature as a function of 
the heating energy (or the heating-current 
intensity). Under these assumptions, the 
electrical energy furnished and the energy 
lost by conduction must obviously be iden- 
tical. If, therefore, the heating energies of 
the Avire in the vacuum and in the flame are 
plotted as a function of the temperature of 
the AAure, exactly the same curves must be 
obtained as in Fig. 152, and their intersec- 
tion again yields the true flame temperature. The temperature of the 
wire itself is most easily measured by an optical pyrometer unless the wire 
is a thermocouple or a resistance thermometer. 

Most of the other methods for determining flame temperatures make 
use of the properties of radiation. According to Kirchhoff\s law, the 
ratio betAveen emission power and absorption power is constant for all 
bodies and equal to the emissive poAver of a black body at the same tem- 
perature. If a hot absorbing gas is brought in front of a black body, the 
radiation of the black body through the gas Avill appear unchanged if the 
gas and the black body haA^e the same temperature, for then the hot gas 
absorbs exactly as much radiation as it again emits. This principle can 
most easily be applied as a method for temperature measurement in 
selectively absorbing materials {e.g., Na vapor). If Ave place cold Na 
vapor in the radiation path of a black body and observe the radiation 
in a spectroscope, Ave shall see a dark absorption line at the Z)-line. If 

1 Loomis, A.G., and G. St. J. Perrot, Ind, Eng. Chem., 20, 1004 (1928). 
Griffith, E., and J. II. AwTiERY, Proc. Roy. Soc. London, A, 123, 401 (1929). Cf. 
also Lewis, B., and G. v. Elbe, Phil. Mag., (7), 20, 44 (1935); Chem. Rev., 21, 413 
(1937). Lewis, B., and G. v. Elbe, “Combustion, Flames and Explosion of Gases.” 
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we heat the vapor to exactly the temperature of the black body, the dark 
absorption line, according to what has been said above, must disappear. 
If the vapor is heated still further, the D-line will stand out as a bright 
line on the background of the continuous spectrum of the dark body. 
If, conversely, we are dealing with a hot vapor of unknown temperature, 
we vary the temperature of the black body. As long as its temperature 
is lower than that of the gas, the bright emission line of the gas is observed. 
If the temperature of the black body is higher, the dark absorption line 
is observed. The temperature of the black body at which the change of 
line occurs is obviously the temperature of the gas. This method of the 
change of line was first used by Kurlbaum and Fcf^ry.^ It has been used 
much since and yields reliable results if applied under the proper condi- 
tions (c/. Kohn, H., cited page 219). 

Since flame gases are hardly absorbent in the visible portion of the 
spectrum, absorbing vapors are usually added, c.g., alkali metals, espe- 
cially sodium. If the vapor has taken on only the temperature of the 
flame and if the added amount is so small that it does not influence the 
temperature of the flame, the nature of the add rl vapor plays no role; 
nor does anything depend on its concentration or the thickness of the 
layer applied to the path of radiation, since emissive and absorptive power 
change equally for these factors. It has been experimentally verified by 
Kohn (cited page 219) that the density of the illuminating gas is immate- 
rial since it was varied in the ratio 1 :2000. It was further demonstrated 
that the same flame temperature was obtained by llie addition of various 
salts. Errors appear if the temperature in the ^^coIohmI gas layer is not 
constant in the direction of radiation. If tin? entires gas mass of a Bunsen 
burner is colored, the outer colder portions will afh'ct tlie temperature 
measurement and yield too low a tompe^rature. If only the inner part 
is colored, a correspondingly higher temperature is found. The applica- 
tion of this method also assumes that we are actually dealing with heat 
radiation (in contrast to chemilumin(\sc.ence ; cj. page 235). ^ It is not 
probable that we are dealing A\dth pure heat radiation in the burning 
zone itself; and, in individual cases at any rate, there is direct evidence 
for the opposite (see page 235). In practical temperature measurements 
according to the line-change method, however, it is not the temperature 

1 Kurlbaum, F., Phydk. Z., 3, 332 (1902). Kurlbaum, F., and G. Schulze, 
Ber. deut. chem. Ges.^ 6, 428 (1903). Fi3RY, Conipt. rend, 137, 909 (1903). 

* For experimental techniques and a discussion of the metliod, we refer especially 
to the following: Henning, F., and C. Tingwaldt, Z. Phystk, 48, 805 (1928). Lewis, 
B., and G. v. Elbe, Phil Mag., (7), 20, 44 (1935). Chem. Rev., 21, 421 (1937). 
Jones, G. W., B. Lewis, J. B. Friauf, and G. St. J. Perrot, J. Am. Chem. Set., 63, 
869 (1931). Loomis, A. G., and G. St. J. Perrot, Ind. Eng. Chem.., 20, 1004 (1938). 
Lewis, B., and G. v. Elbe, Engineering, February, 1935. For a critical discussion, 
cf. K. F. Bonhoefper, Z. Elektrochem., 42, 449 (1936). 
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in the burning zone that is measured but rather that of the hot gases at a 
certain distance above the burning surface where no essential reaction 
takes place and where the conditions for temperature radiation are more 
likely to prevail. Nevertheless, it is advisable in general to check the 
method by determining the temperature independently by means of 
another method, e.g., wire probes (see above) or by working with various 
colored additions (e.g.y Na and Li). Below we give a critical survey 
of such values by Bonhoeffer. 

Instead of using the line-change method, we can also determine 
emissive and absorptive power of the flame directly and compute the 
temperature from them. In actual practice, we must employ the ultrared 
radiation (e.gr., CO 2 bands) of the flame (since the radiation and absorp- 
tion in the visible and the ultraviolet are too weak). If it is a matter of 
pure temperature radiation, we must obtain the same temperature from 
the emissive and absorptive power at various wave lengths that coincides 
with the temperatures obtained by other mc^thods. Examples of this are 
also contained in the following survey by Bonhoeffer. 

Where the line-change method can be used, it is to be recommended 
because of its simplicity. As a source of light (instead of the black 
body), a tungsten ribbon light is generally used. Since the emissive 
power of the tungsten as a function of wave length and temperature is 
known, all the entities for temperature computation arc given, especially 
if in addition the temperature of the tungsten is measured with a pyrom- 
eter.^ The survey in Table 42 shows that the line-change method, 
applied with necessary caution, at least yields satisfactory results. 

For birther measurements of flame temperatures see reference 2. 

David and his associate's^ have repeatedly concluded from their 
experiments that the burned gases still contain considerable quantities of 
‘^latent en(u*gy’’ at explosion (in other words, nonthermal energy), and 
they have made objcHitions in principle to the application of the line- 
change method for temperature measurements. To be sure, caution is 
recommended in employing tliis me^thod for the reasons already men- 
tioned, especially if the method is applied to a burning zone in which a 
nonthermic radiation can be emitted; and it is well always to test the 

^ For details of ineasiircment and computation, see Lewis and v. Elbe, '' Combus- 
tion, Flames and I'^xplosions of (bases.” 

*Kaveler, II. PL, and B. Lewis, Chem. Rev., 21 , 421 (1937); v. Elbe, G., and B. 
Lewis, Chem.. Rev., 21 , 413 (1937). 

3 David, W.T., and Davies, Phil. Mag., (7), 9, 402 (1930). David, W.T., Davies, 
and J. Jordan, Phil. Mag., 12 , 1034 (1931). David and J. Jordan, Phil. Mag., 17 , 
172 (1934) ; 18 , 228 (1934) ; Nature, London, 136 , 470 (1935). David, Phil. Mag., (7), 
20 , 65 (1935); Nature, London, 138 , 930 (1936); Phil. Mag., (7), 21 , 280 (1936). 
David and S. Leah, Phil. Mag., 22 , 513 (1936). David, Nature, London, 139 , 67, 289 
(1937); Phil. Mag., (7) 23 , 251, 345 (1937); Engineering, 138 , 475 (1934). 
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Table 42. Optical Temperature Measurements op Flames (From Bonhoeffer) 


Type of flame 

Method 

Wave 

length 

• 

T 

measured 

T by other 
methods 

Remarks 

M^kcr burner (illu- 

Determining 

4.39m 

1639® 

1640° (pyromo- 

With two burners to 

minating gas) 

release of 



try of a wire 

increase the absorp- 


energy 

Determining 

3.00m 

1670® 

probe) 

tion^ 


release of 
energy 



1 


M6ker burner (illu- 

Kurlbaum 

/)-line (also 

Between 

Pyrometry of a 

Emphasis on agree- 

minating gas) 

and F6ry 

K. Li. Ti) 

1500° and 

wire probe 

ment between reverse 




1800° abs 

+ 10° agree- 

temperature and 





mcnt 

flame temperature; 
not on absolute value 
of the flame tempera- 
ture ■« 

Bunsen flame 

Kurlbaum 

D-Line 

1981° 

1978° (with T.i 

Salt coloring over the 


and F6ry 



by the same 
method) 

inner cone* 

Acetylene-oxygen 

Kurlbaum 

Li- Line 

2850° abs 

2780° (from ul- 

Height 30 mm above 

welding burner 

and F6ry 



trared radia- 

the burner rim (hot- 





tion 4.39/j) 

test place 3100°)> 

M6ker burner (varia- 

Kurlbaum 

7)-Line 

1750° 

1770° (p-yiomo- 

Variation of the mix- 

tion) (illuminating 

and F6ry 



try of a heated 

ture ratio gas: air* 

gas) 




wdre probe) 


M6ker burner (illu- 

Kurlbaum 

D-line 

1730° 

1730° (with Li 


minating gas) 

and F6ry 



by the same 
method) 




D-line 

1883° 

1877° 

Wire thickness of the 






probe, 0.5 mm 





1880° 

0.2 mm* 

M6ker burner, hydro- 

Kurlbaum 

Z>-lino 

2045° 

2047° 

(^om])utation without 

gen-air 

and F(?ry 




radiation correction* 

Carbon monoxide-air 

Kurlbaum 

D-line 

1955° 

2082° 



and F6ry 


(1985°) 



Methane-air 

Kurlbaum 

D-line 

1820° 

1844° 



and F6ry 





Gasoline engine 

Determining 

Quartz-per- 

2800° alls 

2750° abs 

Good agreement only 


release of 

meable ul- 



with a definite mix- 


energy 

trared 



ture ratio of gasoline 
and air^ 

Gasoline engine 

D-re verso , 

D-line 

2310° 

2373° (ultrared) 



Kurlbaum 



emission deter- 



and F6ry 



mination. Ab- 
sorption* 


Carbon monoxide- 

Kurlbaum 

D-line 



Agreement only in the 

oxygen explosion 

and F6ry 




case of the stoichio- 
metric mixture CO : 
02* 


1 Schmidt, H., Ann. Pkyaik, 29, 998 (1909). 

• Kohn, H., Ann. Physik, 44 , 749 (1914). 

• Henning, F., and C. Tingwaldt, Z. Physik, 48 , 805 (1928). 

< Loomis, A.G., and G. St. J. Perrot, Ind. Eng. Chem., 29, 1004 (1928). 

• Griffith, E., and J.H. Awbert, Proc. Roy. Soc. London, A, 123, 401 (1929). 

• Jones, Lewis, and Seaman, according to Lewis and v. Elbe, Phil. Mag., (7), 20 , 44 (1935). 
» Hebshet, A.E., Ind. Eng. Chem., 24 , 867 (1932). 

• Hershet, A.E., and R.F. Paton, Phya. Rev., 40 , 1053 (1932). 

• David, Nature, 185 , 471 (1935). David and Jordan, Phil. Mag., 18 , 228 (1934). 
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conditions under which it is to be applied. Nevertheless, the objections 
by David are in general not vsjid, and it Will be safe to accept the judg- 
ment of Lewis and v. Elbe,^ who reject the idea of a latent energy.^ 

For measurements of gas temperatures, we refer particularly to 
Hase.® 

2. Calculating the Maximum Flame Temperatures. — The maximum 
temperature of flames can be computed directly from the expression 
for the conservation of energy if the heat capacity of the reaction products 
and the heat of reaction are kno^vn. If To is the initial temperature, Te 
the maximum temperature, c the average heat capacity of the reaction 
products, and Wr the heat of reaction liberated at To, then obviously the 
following is valid: 

(1) ciTe - To) = Wr 

from which, with Wr, c, and To known, Te would directly follow. For 
practical calculation, it is necessary to consider the following: Since the 
heat capacity c is a function of the temperature, the average specific 
heat c between To and Te is defined by 



It is therefore known only if T'e is known, and Te can therefore be deter- 
mined only by trial.^ Further, Wr is the actual heat of reaction, f.e., in 
a reaction like 

(3) 2 H 2 + 02 = 2 H 2 O + Wo 

where Wo is the heat of reaction liberated for the formula conversion and 
Wr is not identical with Wo] for there is no complete conversion in an 
oxygen-hydrogen explosion since an equilibrium is established and the 
liberated heat energy is only a portion -q oi Wo which corresponds to the 
actual degree of conversion r/. In addition, a part of the water formed 
dissociates according to 

(4) H 2 O MH 2 + OH ~ Wi 
as well as a part of the H 2 according to 

(5) H 2 ^ 2H - 1^2 

1 Lewis, B. and G. v. Eijie, Engineering, 189 (Feb. 1935); Phil. Mag., (7), 20, 44 
(1935); also “Combustion.” 

* Recent measurements by H.G. Wolfhard, Z. Phys. 112, 107 (1939) have shown, 
as was to be expected, that the energy distributed within the C-C bands does not give 
the true flame. 

* Hase, R., Verfahren und Fehler bei Gastemperaturmessungen, Z. Ver. dent. Ing., 
81 , 571 (1937); with extensive bibliography. 

* Since c is not represented by a power expression that can be directly integrated. 
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and a (smaller) part of the O 2 according to 

(6) O 2 20 - Wz 

All three dissociation reactions are endothermic, and the heat of dissocia- 
tion required by them must be deducted from t/PTo if the actual heat of 
reaction Wr is to be obtained. It is also necessary to know the flame 
temperature for computing the equilibriums (3) to (6). Thus it is 
possible to obtain the end results only by trial. 

All the specific heats and equilibrium constants necessary for com- 
putation are now available for all cases of practical interest. For specific 
heats, the values gained from spectroscopic data can be accepted ; and, for 
the computation of the equilibriums, the constants derived from spectro- 
scopic data can likewise be used to a considerable extent. The com- 
putation of the equilibriums should follow from Nernst\s theorem or one 
of the approximation formulas derived from it. It is unnecessary to 
discuss the calculations here if only because the results necessary for all 
the reactions coming into consideration in combustion processes are 
tabulated in the literature with sufficient exactness, and a repetition 
of the computations in individual cases would be unnecessary. In 
combustion processes, it is normally a matter of C- and H-combinations, 
and the following appear as reaction products of the combustion: CO, 
CO 2 , H 2 , H 2 O, O 2 , and their dissociation products; also atmospheric 
nitrogen and (with air) NO. Thus, if it is desired to compute the 
maximum combustion temperature of any carbon-hydrogen-oxygen 
combination, it is necessary to know only the specific heats of the above 
combinations and their dissociation products, the equilibrium constants 
of the individual reactions, and the heat release of tlie combustion under 
normal conditions. It is necessary to know the specific heat of the initial 
substance during a limited temperature interval only if the heat produc- 
tion of the reaction at the initial temperature is not known and must be 
recomputed from Kirchhoff^s principle. If W is the heat of reaction, Co 
the heat capacity of the initial material, and c that of the terminal 
products, then 

^ = Co - c (1) 

and from it, by integration 

= W° + fj (Co - c) dT (2) 

if is the heat of reaction at the temperature T, IF® that at the initial 
temperature Tq. In the preceding formulas, we have not yet determined 
under what conditions c, IF, etc., are to be measured. Most applications 
deal with conversions at constant pressure. Then the heat production at 
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constant pressure Wp is taken, and correspondingly the specific heats at 
constant pressure Cp, and, in computing the equilibriums, the equilibrium 
constants Kp. In the reaction 

nA + mB + • • • = gZ) + + • * • (3) 


Kp is defined by 


[VaYIVb]^ • • • ^ 
[vdHpeY * * ' 


( 4 ) 


where Pa is the partial pressure of the components A, etc. In a bomb 
explosion where the total volume is constant, the reaction, if the entire 
mixture would burn evenly, would take place at constant volume. Thus, 
with Cvy Wv, and Kc, where Kc is the equilibrium constant written accord- 
ing to the concentrations (= reciprocal mol- volumes) and is therefore 
derived from Kp, if the partial pressures are expressed by the concen- 
trations according to the gas equation etc.^^ the following 

would result: 


Pa = CaRT = [A]RT (5) 

If the reaction takes place with a change in the mol-number, a power of 
RT still remains after this substitution by which Kc is differentiated 
from Kp. As has been mentioned in Chap. IV, page 154, the maximum 
pressure is thus generally obtained accurately to within several tenths 
of a per cent (assuming that the entire charge burns at constant volume) ; 
although in reality no constant temperature, but rather a considerable 
drop in temperature from the inside to the outside, prevails in the bomb 
at the moment of the completion of combustion. For the more exact 
computation of the terminal condition, discussed in the same place, it is 
necessary to compute the combustion temperature at constant pressure 
(not volume) in every elementary layer. Here the compression effected 
by the expansion of the portion already burned has raised the temperature 
before the ignition of the layer, and here too the compression effect of the 
burning remainder of the charge has once more raised the temperature 
of the previously burned portion. 

Numerical values for the specific heats, etc., are found in tabulations,^ 
in the compilation of Zeise,^ and in Justi.® 

Example: Computation of the maximum temperature of a flame of CO -h Oa 
burning at atmospheric pressure. Let the initial temperature of the gases be 25°C. 

^ For example, Landolt-Bornstein Tables Annuelles. 

* Zeise, H., Z. Elektrochem., 39 , 758, 895 (1933); 40 , 662, 885 (1934). 

*JusTi, E., “Spezifische Warme, Enthalpie, Entropie, Dissoziation technischer 
Case,” Julius Springer, Berlin, 1938. 
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The heat of reaction is, with complete conversion at 25®C, ^ 68.1 kcal per mol of 
burned CO. We use Justi’s tables for our calculations. According to these tables, the 
enthalpy difference of carbon dioxide is, at the highest tabulated temperature, namely, 
3000®C, 40.3 kcal/mol. Disregarding dissociation, we should expect a flame tem- 

perature far over 3000°C ; but, since, at 3000°C, likewise according to figures given by 
Justi, there would have been a dissociation in the neighborhood of 50 per cent accord- 
ing to 

CO2 ^CO + MO2 - Wo 


and thus only about half the heat of reaction would be liberated, the temperature 
actually attained would necessarily be correspondingly lower. We shall therefore 
compute provisionally with T = 3000° abs = 2727°C. For this temperature, the 
tables show 


ri ^ P coVo^^ 

j\ p 

Vcoi 


0.335 


Since we are assuming atmospheric pressure, pco + P02 + PCO2 = 1 atm, and since 
further pco = 2poa, or pcoj = 1 — Spoj, then 


1 — 3pOa 


0.335 


and thus poa = 0.1805, as can be determined most rapidly by trial. As a result, 
ss 0.361, pcoa — 0.458 atm. The degree of conversion 77, the ratio of CO2 formed 
to the CO originally present, becomes 


PC02 

pno2 -h pco 


= 0.559 


Thus the effective heat production becomes IFr = t/H 0 = 38.1 kcal. With the above 
value of 17, 1 mol of CO and % iuol of 0 have become 


0.559 mol CO2 0.441 mol CO and 0.22 mol O2 


The sum of the enthalpy differentials of these materials between 25° and 2727°C 
becomes 20.24 4- 9.85 + 5.16 = 35.25 kcal. We have still forgotten one correction, 
however. For 3000° abs, we find the reaction 

O2 ^ 20 - 117 kcal 

= ^ = 1.4 • 10-» 

Po, 


If the partial pressure of oxygen (of atoms + molecules) were held constant at 0.181 
atm, a degree of dissociation of the oxygen of ^ 0.12 ^vould result; therefore (only as a 
preliminary estimate), since 0.22 mols of O2 were still present with a dissociation 
heat of 117 kcal, there would be an amount of energy of 0.22 • 0.12 • 117 kcal = 3.1 
kcal to be spent, to the extent of which 77TF0 would have to be reduced. The assumed 
temperature of 2727°C was therefore a little too high, and thus we repeat the computa- 
tion of 2720°C = 2993° abs by introducing the O2 dissociation initially. 

At 2993° abs (as can be obtained by interpolation, most effectively on graphs by 
plotting log Kp against 1/T, employing logorithmic-hyperbolic coordinate paper) 




pco * PO 2 


H 


= 0.32 


po, 


po = 0.117 


1.37 • 10-a 


PCOa 
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Further, the following must result: 


Pco + pcoj “f poi -h Po “ 1 atm 2poj 4- po ** pco 
pco = 2po* + 0.117 \/^ 

Pcoi = 1 — 3po2 — 0.234 \/poi 


Hence 


2po2^^ + 0.117po2 


0.32 = KL 


1 - 3po, - 0.234 Vpo 2 
poj = 0.156 po = 0.046 pco = 0.358 pco 2 == 0.440 atm 

The degree of formation of CO 2 is therefore 

^ 6.44 + 0.358 

and the degree of dissociation of the oxygen is 

a = = 0.128 

P02 + >ipo 

The effective heat production becomes 

\\\ = ,^08.1 - «(1 ~ 17 ) 0.5 • 117 = 34.25 kcal 
There are still present (mols) 

02.0.196 CO: 0.450 002:0.552 and 0:0.058 

The sum of their enthalpy differentials between 25® and 2720° becomes 
20.20 + 10.14 + 4.64 + 0.78 = 35.76 kcal 


The temperature was thus assumed at too high a figure. We repeat the computation 
for 2700°C (2973° abs) and find 

K\, = 0.295 = 1.20 • lO"* 

P 02 = 0.152 Po = 0.043 Pco = 0.347 pco 2 = 0.458 
V = 0.569 «=* 0.124 

ITr = 38.8 - 3.12 = 35.68 kcal 

The mol-numbcrs are 

CO2 CO O2 O 

0.509 0.431 0.188 0.053 


and the sum of the enthalpy differentials for this between 25° and 2700° is 
20.8 + 9.70 + 4.45 + 0.71 = 35.66 kcal 

is sufficient agreement with TTr; 2700° can therefore be regarded as sufficiently exact 
for the maximum temperature. In other cases, the computation may be carried out 
in a similar way, except that, with hydrogen present, the dissociation equilibriums of 
the vapor and the hydrogen are to be taken into account, as well as the water-gas 
equilibrium and the NO equilibrium in air. 

It is possible to approximate the entities entering the calculation by power equa- 
tions and thus to execute the temperature computation directly, without trial. ^ 

^ Zeise, H., Feuerungstech.f 26, 145, 278 (1938). 
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Given suitable tables like those of Justi, however, it is likely that the trial method, 
assuming skillful application, is more convenient. 

3. Spectroscopic Analysis of Flames.^ — In flames of oxygen and 
hydrogen with air, an intense band spectrum in the ultraviolet may 
always be observed, with the strongest bands at 3064 A, which belongs 
to the radical OH (Fig. 153). These bands are observed moreover in all 
flames of hydrogen containing combinations as well as of moist CO 
except at very high pressures. ^ Concerning the role probably played 
by the radical OH in H 2 (and CO) combustion, see Chap. IX. Under 
special conditions, it is also possible to observe a longer waved spectrum 
of an O 2 H 2 flame lying in the visible range. Kitagawa® had an oxygen 
flame burn in a hydrogen atmosphere and obtained a spectrum reaching 
from 5500 to 7000 A. A number of the bands coincided with bands that 
can be observed in water vapor at 144°C in an 8 m long absorption tube 
with a vapor pressure of 4 atm. For that reason, the spectrum was inter- 
preted as a rotation-wave spectrum of the water molecule. Whether this 
is correct will probably have to be shown by further investigations. 

In the near ultrared, water vapor shows a particularly intensive band 
at 2.7 ju, which also appears in absorption. It is also possible, by the 
way, to obtain OH bands in absorption; and, in hydrogen-oxygen flames 
burning under high pressure, the band at 3064 can sometimes show 
self-reversal. 

The fact that the emission spectrum of a certain radical, in this case 
OH, is observed in combustion is no proof that this radical plays a special 
role in combustion, but it does suggest determining the role of this radical 
for the chemical reaction. It has b(ien found that, in the case of the 
OH-radical, no doubt can exist as to its participation in combustion. 
Kondratjew"^ (Kondratyeff) has made a special study of the conditions and 
not only has measured the intensities of OH bands in emission but also has 
determined the concentration of OH in flames, which he found to be 
higher than would correspond to the equilibrium (c/. Chap. IX). In 
addition, he noted in attenuated flames an intensity distribution of the 
individual partial bands that excludes a thermal influence and allows 
only for chemiluminescence as the causal factor. It is also possible to 
compute the temperature of flame from the relative intensity of the 
various rotation lines within a partial band, as Kondratjew has partly 
done with success. A presupposition for this method, in itself suitable 

^ CJ. in this connection Bonhoeffer, K.F., Z. Elektrochem., 42, 449 (1936). 

* Bone, W.A., and F.G. Lamont, Proc. Roy. Soc. London^ A, 144, 250 (1934). 

® Kitagawa, T., Proc. Imp. Acad. Tokyoj 12, 281 (1936); Rev. Phys. Chem. Japan^ 
10, 317 (1936). 

♦Kondratjew, V., and M. Ziskin, Acta Phyaicochim. URSSj 6 , 301 (1936); 
6, 307 (1937); 7, 65 (1937). Avramenko, L., and V. Kondratjew, Acta Phyaicochim. 
URSS, 7, 567 (1937). Kondratjew, V., Acta Phya. Polon.j 5, 65 (1936). 



Fig. 153. — Flame spectrums. a, “Cold flames” of ether. (Cu spectrum for comparison.) b. Spectrum of the normal flame with C*, 
CH, and OH bands, c. “ Vaidya” bands in the ethylene flame in addition to C2, CH, and OH bands, (The author is indebted to Dr. R.W ,B 
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for wider appKcation, is, however, that the individual rotation conditions 
are present in the concentration corresponding to the thermal equilibrium, 
and this need not necessarily be the case in the burning zone itself. 

Carbonic acid in absorption shows a series of bands in the ultrared, of 
which the band at 4.84 ^ is the most prominent (Fig. 154). This band 
is shown by the ultrared emission spectrum of CO 2 
and H 2 O. In addition to this emission in the 
ultrared, w^e further observe in the carbon mon- 
oxide-oxygen flame over a continuous background 
a system of less well defined bands ^ (Fig. 15t5) 
extending from the ultraviolet to the visible. 

Kondratjew ascribes these to CO 2 . At low pres- 
sure, these bands appear more pronounced on the 
continuous background. 

In flames of hydrocarbons, we can especially 
observe, in addition to the bands mentioned, the 
band spectrum of the radical C 2 (the Swan spectnim) 

(Fig. 153) particularly in the green, as well as the 
spectrum of CH (Fig. 153) ; of the latter, two bands 
at 4317 and 3888 A; and, of the former, the bands 
at 4737, 5165, and 5635 A. 

Although it is known that OH takes part in the chemical reaction, the 
same cannot as yet be said of CH and CC. Perhaps a quantitative 
investigation of the radiation emitted by the individual radicals under 

[ - 3300 350cr 4000 " ' ' 
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Fui. 154.— Ultra- 
red etni.ssion {spectrum 
of CO 2 and H 2 O. 


! r l J ±1 I J » » > < i » ‘ 

Fig. 155. — Spectrum of burning carbon monoxide. CO 2 bands ?; one (of six) series is 
marked at the bottom of the illustration. [From Kondratjew^ Z. Phys., vol. 63 (1930).] 


various conditions of reaction 'would lead to further results. It is not 
improbable that CH is produced in the disintegration of hydrocarbon 
molecules in the flame, e.g.y under the attack by H-atoms and OH-radicals. 
It is actually possible to observe the CH spectrum in ‘^cold flames^’ of 

1 Fowler, A., and Weston, Proc. Roy. Soc, LondoUj A, 109, 176, 523 (1925). 
Kondratjew, V., Z. Physik, 63, 322 (1930). Fowler, A., and Gaydon, Proc. Roy. 
Soc. London^ A, 142, 362 (1933). 
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hydrocarbons with hydrogen^ or oxygen^ atoms, in both cases in addi- 
tion to the CC spectrum and the OH spectrum in the case of oxygen 
atoms. It is conceivable that CC-radicals appear if a molecule with 
at least two C-atoms is disintegrated to the extent that CC just 
remains. This is, however, at least not the only way in which CC is 
formed in the flame, for methane^ and, somewhat weaker, methanol also 
show the CC spectrum.'* It is likely therefore that a polymerization 
process was also occurring in the formation of CC. According to Bon- 
hoeffer, CC commonly appears under conditions in the flame that 
suggest that it is the first sign of the process leading to the formation of 
soot. With considerable air, the inner cone of the Bunsen flame looks 
bluish (CH bands) ; whereas, with insufficient air, it appears green (Swan 
bands, C 2 ). Carbon-poor and hydrogen-containing combinations yield a 
much weaker CC spectrum than carbon-rich combinations like benzol and 
acetylene. Under conditions at which soot begins to form, the Swan 
bands {e.g.^ in benzol and gas oil) appear intensive and apparently con- 
tinuously broadened (because of the small applied dispersion and probable 
excess radiation, this cannot be stated with absolute certainty),^ and this 
can be interpreted as the incipient further polymerization of the CC-mole- 
cules in soot particles. The fact that CC bands also occur in methane 
does not exclude polymerization processes of the hydrocarbons (or 
portions derived from them) as a primary process, e.g.^ in methane (as one 
of a series of conceivable processes), 

C2H4 

CH4 CoHe diphenyl, tarlike products 

\ /* 

C2H2 

Avith progressing H 2 cleavage. If the formation of soot comes about in 
such a way and not by polymerization of atomic or molecular C, it would 
be quite understandable that the more highly molecular combinations are 
especially suited for that formation. To be sure, polymerizations can also 
appear under the influence of oxygen, and the polymerization products 
need not necessarily be hydrocarbons. Bonhoeffer (cited page 229) spe- 
cifically points out that up to the present there is no reason for assuming 
that the chief conversion in the combustion of hydrocarbons need neces- 
sarily go beyond the radicals C 2 and CH. 

1 Bonhoeffer, K.F., and P. Harteck, Z. phystk. Chein., See. A, 139, 64 (1928). 

* Harteck, P., and IT. Kopsch, Z. phystk. Chem., Sec. B, 12, 327 (1931). 

3Lauer, Z. Phystk, 83, 179 (1933). 

* Gu:6nault, Safety in Mines Research BoardPaper 13; Ann. Rept., 1934, p. 66. 

® Erichsen, C., Ver. dent. Ing. Forsch., 1936, p. 377. Cf. also Bonhoeffer, K.F., 
quoted p. 229. 
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As a result, it cannot be said with certainty whether the appearance 
of the CC bands in fuel-rich mixtures and their recession in air-rich 
flames derives from the fact that there is a considerable formation of CC 
in one case and not in the other case, or from the fact that C2 forms in all 
cases but reacts rapidly with other combinations in air-rich flames, e.gf., 
with OH according to 

CC + OH CH + CO 

which would explain the change of the color of the Bunsen cone from 
green to blue.^ 

In ordinary flames of hydrocarbons, it is often possible to detect 
in the near ultraviolet a further, somewhat diffuse band spectrum. It 
can, for example, be seen on a photograph by Emel^us^ of an ordinary 
ether flame burning in air. We are interested in the bands approximately 
between 3300 and 3800 A, shading off to the red. Under certain circum- 
stances, it is possible to intensify these bands considerably, showing that 
the system of bands extends from about 2500 to 4100 A. Vaidya,* who 
first recognized these bands and made a special study of them, could 
obtain them most intensively in an ethylene flames (Fig. 153). They also 
appear markedly in photographs taken by Neumann in connection with 
Diesel (U)mbustion (Erichsen, cited page 232, Beck^). The Vaidya bands 
have also been obtained in methane flames [of CH4 + 2.3(02 + 2.2N2)].* 
In combustion in air, spoc^ti'a of nitrogen combination (CN,NO) can 
appear under certain circumstances, but they need not necessarily have 
anything to do Avith the actual course of combustion. In flames of 
combinations containing nitrogen, like pyridine, aniline, etc., the CN 
and NO bands can bo very intensive (Vaidya). The source of the system 
of bands observed and analyzed by Vaidya is not known precisely at 
present. It is reasonable to assume that it is an unknown radical; and, 
since the simplest radicals CC, CH, and OH do not come into considera- 
tion, a conceivable simple radical would be HCO, Avhich should be 
assumed to be an intermediate product in the reaction of Il-atoms with 
carbon monoxide.’'^ HCO is similar to NO in mass and equal to it in the 

^ Boisthoeffer, K.F., and F. Haber, Z. yhijaik. Chern.y 137, 2G3 (1028). 

2 Emeeeus, H.J., /. Chem. Soc., 1926, p. 2948. 

3 Vaidya, W.M., Proc. Roy. Soc. London, A, 147, 513 (1934); P roc. Indian Acad. 
Sci., 2 , 352 (1935) and later works. 

^ Beck, G., Dissertation T.-II. Hannover, Ver. dcui. Ing. Forscli., 1936, p. 377. 

* Bei.l, J., Proc. Roy. Soc. London, A, 168, 429 (1937). We refer to this work 
especially because of the many photographs of methane explosions and stationary 
flames under the most varied conditions, including initial pressures up to 100 atm and 
methanol and formaldehyde flames. The photographs show characteristic variations 
of the intensities under varying experimental conditions. 

6 Frankenberger, W., Z. Elektrochem., 36 , 757 (1930). Harteck, P., and W, 
Groth, Z. Elektrochem., 44 , 621 (1938). 
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number of electrons. Molecules with the same number of electrons, of 
which CO and N 2 are the best known examples, often show a great 
similarity in their physical behavior. Vaidya has found that there is a 
formula very much like that of the NO system of bands for the angular 
system of the bands he analyzed. This fact has induced him to assume 
HCO as the source of his bands. Even though this is by no means 
conclusive, it is at least reasonable to regard HCO as the band source for 
the time being. 

In addition to normal combustion, there is in the case of most hydro- 
carbons a slower combustion in “cold flames.'^ If mixtures of the vapors 
of organic compounds (paraffins, olefins, naphthenes, aldehydes, alcohols, 
ether) are conducted into mixtures with air or oxygen through a tube that 
is heated to temperatures of ^ 300° to 400°C,^ a pale blue luminescence 
appears at lower temperatures and a “ cold flame at higher temperatures, 
which again disappears at higher temi>eratures still. The cold flame 
moves at a velocity of ~ 10 to 20 cm/sec toward the gas, and the gas is 
heated by about 100° to 200°, although complete combustion does not 
take place. On the contrary, great quantities of aldehyde, especially 
formaldehyde, are found in addition to water and carbon monoxide. In 
the cold flame, we are dealing w'ith a conversion that has all the char- 
acteristics of an explosion, probably a chain explosion, and in which the 
moderate heating is only a secondary phenomenon. Peculiarly enough, 
however, the conversion ceases with the above-named products, even 
though a true explosion can occur from the cold flame under certain 
conditions . 2 Emel^us^ has studied the spectrum of the cold flame, first 
of ether, then of other organic compounds, of acetaldehyde, propion- 
aldehyde, and hexane. The spectrum is the same in all cases. Figure 
153 shows the spectrum of the cold flame of ether, wdiich is completely 
different from that of normal ether combustion. It is also not identical 
with the Vaidya bands. Its most intensive portion is at essentially 
longer wave lengths, betw^een about 3600 and 4500 A. Toward the 
short-wave side, it extends, with considerably less intensity, to about 
2500 A. This spectrum may be ascribed to formaldehyde, as Kondratjew^ 
first conclud(;d from a comparison wdth the absorption spectrum of 
formaldehyde investigated by Schou and Henri, ^ and as Ubbelohde® 
later showed by means of a comparison with its fluorescent spectrum.'*' 

^ Luniiriescence and cold flames already appear partly at essentially lower tem- 
peratures, in ethyl ether under 200°C. 

2 Bibliography and a more thorough discussion will be found in Chap. XI. 

» Emel^us, IIJ., J. Chem. Soc., 1926, p. 2948; 1929, p. 1733. 

‘ Kondratjew, V., Z. Physik, 63 , 322 (1930). 

^ Schou, S.A., Comyt. rend.^ 186 , 690 (1928). Henri, V., and S.A. Schou, 
Z. Physik, 49 , 774 (1928). 

‘ Ubbelohde, A.R., Proc. Roy. Soc. London, A, 162, 354, 378 (1935). 

' Gradstein, S., Z. physik. Chem., Sec. B, 22, 384 (1933). 
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Certainly this is a case of chemiluminescence, for at the low temperatures 
of the cold flames no thermal radiation of significant intensity could be 
emitted in the blue and the ultraviolet. Recently the H 2 CO spectrum 
has also been observed in methanol flames but not in those of methane.^ 

The spectra of the ordinary carbon disulphide flame have also been 
studied by Emel^us, as well as the cold flame of carbon disulphide. The 
longer wave portion of the spectrum reaching into the visible, between 
4600 and 3400 A, is identical in both cases. In addition, there is still, in 
the case of the cold flame, a spectrum between 3100 and 2500 A reaching 
into the shorter wave ultraviolet. According to Kondratjew (cited page 
234), the first is the spectrum of the S 2 “molecule, the latter that of the SO. 

A chemiluminescent radiation of quite exceptional intensity is 
furnished by explosions of CS 2 NO or N 2 O mixtures. ^ In this case, too, 
the S 2 -molecule seems to be in the main responsible for the. light emitted 
(c/. page 239). 

4 . Thermal Radiation and Chemiluminescence.® — The question of 
whether the radiation emitted from a flame is of thermal origin or a 
luminescent radiation is of general interest and is important for several 
reasons. We speak of tliermal radiation if intensity and distribution of 
energy (to the various wave lengths) depend only on the nature of the gas 
mixture and on its temperature. Since, as has already been mentioned 
on page 220, according to Kirchhoff^s law, the quotient of the emission 
by the absorption at a given wave length is constant and equal to the 
emission of the black body, it is possible to compute tlie emission from 
the measured absorption as well as from the emission of the black body 
given by Planck^s law of radiation. In the last analysis, all temperature 
measurements going back to radiation measurements depend on this. 
A body cannot radiate less than its temperature radiation, but it can 
under certain circumstances radiate more. In this case, insofar as 
radiation induced by an incidental outside radiation is excluded, we are 
dealing with chemiluminescence, the intensity of which is therefore not 
a pure temperature function for a given material. The energy of the 
radiation thus emitted must be supplied from a different source than that 
of the thermal energy, and the only source available in the case of chemi- 
lumines(;ence, in which we are interested here, is the energy of chemical 
reaction. Thus the energy liberated in a definite step of the reaction 
must be used to incite radiation before it is distributed by impacts to the 
extent corresponding to the average thermal energy distribution. Con- 

^ Gu:fiKAXJLT, Safety in Mines Research Boards Vol. 16, Ann. RepL, 1937. 

2 VAN Liempt, J.A.M., and J.A. de Vriend, Rec. trav. chim., 52, 160, 549, 862 
(1933). For the spectrum of the CS 2 flame, see A. Fowler, and W.M. Vaidya, 
Proc. Roy. Soc. London, A, 132, 310 (1931). 

* C/. Bonhoeffer, K.F. (quoted p. 229). 
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versely, we can conclude from the wave length of the observed chemi- 
luminescent radiation that a partial reaction must take place with a heat 
production that is at least equal to the hv of this radiation. The following 



Fia. 166. — Split flame. 
{From Haber and 
Richardt.) 


cases of pronounced chemiluminescence deserve 
mention: the phosphorus vapor flame^ and the 
reaction luminosity in highly attenuated flames of 
alkali metals and halogenes.^ 

Ilaber^ and Richardt studied the composition 
of the gases that are formed in the inner cone of 
the Bunsen burner after penetration of the burning 
zone in the following manner (Fig. 156). By 
means of the 'Aflame-splitting tube^^ described by 
Teclu^ and Smithels and Ingle, ^ the combustion in 
the inner and outer cone of the Bunsen burner 
was split. A glass tube was affixed airtight to the 
tube of the burner, preventing the entrance of 
secondary air into the flame. Thus, at the mouth 
of the burner itself, only the combustion in the 
inner cone could take place undisturbed by possible 
secondary air, and further combustion could take 
place only at the mouth of the second tube. 
Haber and Richardt could take gas analyses from 
the "intermediate gas^^ by means of a cooled 
pipette of platinum, and they determined that the 
composition of the gas there corresponded to the 
water equilibrium reached in the burning zone. 
This means, however, that, once the burning sur- 
face is penetrated, chemical equilibrium is reached. 
If no chemical reaction takes place, there can be 
no chemiluminescence. 


For the burning zone of the inner cone itself, this is not true. Even 


though quantitative measurements are as yet lacking, it is not unlikely 


^ Centnerszwer and Pf:trikaln, Z. physik. Chem., 80 , 235 (1912). Petrikaln, 
Z, Physik, 22 , 119 (1924). EmklIous, H.J., /. Chem. Soc,, 126 , 2491 (1924). Rumpf, 
K., Z. physik. Chem., Sec. B, 38 , 469 (1938). 

* Haber, F., and K. Ziscn, Z. Physik., 9 , 302 (1922). Beutler, H., and M. 
PoLANYi, Naturwissenschaften, 13 , 711 (1925). Z. physik. Chem., Sec. B, 1 , 3 (1928). 
Bogdandy, St. v., and Polanyi, Z. physik. Chem., Sec. B, 1 , 21 (1928). Polanyi 
and G. Schay, Z. physik. Chem., Sec. B, 1 , 30 (1928). Ootuka, H., and G. Schay, 
Z. physik. Chem., Sec. B, 1 , 62, 68 (1928). 

® Haber, F., and F. Richardt, Z. angew. Chem., 38 , 5 (1930). 

♦Teclu, J. prakt. Chem., 44 , 246 (1891). 

* Smithels and Ingle, J. Chem. Soc., 61 , 204 (1892). 
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that a part of the radiation emitted there is luminescent radiation.^ In 
photographs of the split flame by Haber, we can see that another luminous 
zone, the ^ ^aureole'’ (halo), appears at the inner cone toward the top. 
Without doubt, the temperature here is still higher than at a greater 
distance from the burning surface, but it is difficult to say whether the 
temperature is the only cause of the luminescence. Other chemical 
changes do not take place in the aureole; on the contrary, water equilib- 
rium has set in. Haber and Richardt have made special experiments in 
this direction without arriving at a completely convincing result. The 
inner cone of the Bunsen flame emits OH, CH, and CC bands; the aureole 
and the outer cone emit only OH bands with continuous background. If 
it were not possible to interpret this radiation as pure temperature 
luminescence, it might be suggested that free radicals from the burning 
zone are still present in a higher concentration than corresponds to the 
equilibrium, and that these radicals supply radiation energy by their 
recombining without causing analytically demonstrable differences in 
concentration. 

In general, however, it appears that it is necessary to consider essen- 
tially thermal radiation in the outer cone of the Bunsen burner and to 
conclude that all optical temperature measurements determined there are 
valid. It is also necessary, of course, to consider the possibility of 
disturbances in the not purely thermal radiation. As has already been 
pointed out elsewhere (page 143), the equalization between translation 
energy and vibration energy does not proceed immediately at each impact 
but occasionally demands a larger number of gas-kinetic impacts, up to 
10^. It should not be surprising, therefore, if equilibrium is occasionally 
not established. 2 

Kondratjew’s experiments^ clearly established the fact that radiation 
in CO combustion under low pressures is luminescent radiation. The 
radiation is extinguished by the addition of foreign gas and an increase 
in pressure in exactly the same manner as in fluorescence. In addition, 
Kondratjew computes from the absolute intensity of the radiation that, in , 
thermal equilibrium, the number of the stimulated C02-molecules that 
radiate is smaller by 10^* than would have to be assumed from the 
intensity of the observed rays. Therefore, according to Kondratjew, a 

1 An experiment by H.G. Wolfhard [Z, PhyM^ 112, 107 (1939)], to measure inten- 
sity distribution within the Swan bands shows that it is a matter of luminescent 
radiation (the computed temperatures are much too high). 

* Kneseii, H., Ajin. Phijsik, 11, 761, 777 (1931). Eucken, A., and R. Becker, 
Z. physik. Chem.j Sec. B, 20, 467 (1933) and elsewhere. 

* Kondratjew, V., Acta Physicochim.^ IJRSS, 2 , 126 (1935). Kondratjew, H., 
and V. Kondratjew, Acta Physicochim. URSSj 4 , 547 (1936); 6, 625, 748 (1937). 
Kondratjew, V., Acta Phys. Polon,, 5 , 65 (1936). 
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large portion of the radiation, not only in the cold flame but also in the 
normal CO flame, is of nonthermal origin. This is in agreement with 
many other observations in CO explosions. In carbon monoxide explo- 
sions, the heat losses are considerably decreased if a little water vapor or 
H 2 is added to the dry mixture. On the one hand, this could be caused 
by the fact that added water vapor extinguishes a luminescent radiation; 
but, on the other hand, it might be connected wdth the change of the 
reaction mechanism in the presence of H 2 O (c/. in this connection Chap. 
IX).i 

According to Bone, Newitt, and Townend (cf. Bone, Flame ^0, 
remarkable relations result if the cooling losses in bomb explosions after 
reaching the maximum pressure for various time intervals are expressed 
as powers of T. For example, the following exponents result for th(^ first 
and second half second after reaching maximum pressure: 


Table 43. — Averaoe ('ogling Velocity as a Power of T in the First and Second 
Half Second after Reaching the Maximum Pressure in ]R)Mb Explosions 
(From Bone, Newitt, and Townend) 


Initial pressure, atin 

1 

50 j 

100 

L._ 

150 

Time interval first or 
second half sec after 
reaching of pm 

First 

Second 

First 

S(M;ond 

First 

Second 

First 

Second 

2H2 + O2 + 4N2 

1.9 

1.9 * 

1.8 

1.8 

1.9 

1 0 

1 .8 

1.8 

2CO + O2 + 4(X) 

2.0 

2.0 

3.0 

2.8 

3.4 

2.8 

4.0 

2.6 


The rapid rise of the power exponents for CO exiilosions A\ith the 
pn^ssure, especially for the first half second, shows that lie re too radiation 
losses make themselves especially strongly felt. 

David- showed, as could be expected, that in gas explosions by far the 
greater part of the radiation is emitted only after the maximum pressure 
has been attained. 

For the radiation propcadics of combustion gases, see Schack^ and 

^ WoHL, K., and M. Magat, Z. physik. Chem., Sec. B, 19, 117 (1932). Wohl, K., 
and G. v. Elbe, Z. physik. Chem.^ Sec. B, 6, 441 (1929). Garner, W.E., Ind. Eng. 
Chern., 20, 1008 (1928). Garner, W.E., and C.H. Johnson, J. Chcin. Soc., 1928, 
p. 280. Garner, W.E., and F. Roffey, J. Chern. Soc., 1929, p. 1123. Garner, 
W.E., and Tawada, Trans. Faraday Soc., 26, 36 (1930). Hall and Tawada, Trans. 
Faraday Soc.^ 26, 600 (1930). 

2 David, W.T., and R.M. Parkinson, Phil. Mag., (7), 16, 177 (1933). 

* ScHA(^K, A., Der WarineiiberganR in technischen Feuerungen unter dem Einfluss 
der Eigenstrahlung der (jase, Sonderreihe Mitt. Wdruiestelle Dmseldorf, No. 55, 1923. 
Die Strahlung leuchtender Flammen, Ber, Stahlw.- Aussch. Ver. deut. Eisenhiittenl., 
No. 113, 1926. 
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Eckert.^ According to them, under engine conditions, about 15 to 26 per 
cent of the heat transition is conditioned by gas radiation. 

We have already seen that CS 2 with NO or N 2 O are examples of chemi- 
luminescence with an extraordinary light intensity. The intensity is so 
great in these cases that dropped pellets can be used for flashes. Light 
intensities up to 83 lumens/watt were measured (van Liempt and de 
Vriend; cf. page 235). Since this intensity is reached by a dark body only 
at 5000°, it is clear at the outset that we are dealing with a case of lumi- 
nescence. Complete conversion of the energy into green radiation 
would amount to G80 lumens/watt, which means that over 10 per cent 
of the entire energy is obtained as radiation in the visible field. This 
would certainly be increased at higher pressures; for the intensity of the 
light increases at a greater rate than the pressure, and at pressures under 
250 mm Hg it is proportional to the square of the pressure. 

6. Radiation and Temperature in the Engine. — Combustion in the 
engine shows no special spectroscopic variations from combustion in the 
Bunsen burner. Ilassweiler and Withrow^ studied combustion in the Otto 
engine through a quartz window. By means of a pan(‘ rotating syn- 
chronously with the engine, it was possible to separate the light of the 
flame front from that of the after-glowing burned gases. The spectrum 
of the flame front corresponded to that of the inner cone of the Bunsen 
flame. C 2 , CH, and OH bands appeared, since it is the same process. 
In the after-glow, only OH bands and a continuous background in the 
visible range [C02(?)] are noted. The after-glow processes are com- 
parable with those in the aureole in the split Bunsen burner (page 236). 
In the outer cone of the Bunsen burner, essentially the same is observed, 
but here the comparison is not complete, since fresh air is added. In 
knocking combustion, differences in the intensities are noted; and, in the 
knocking zone, the C 2 and CH bands appear weakened. As a probable 
explanation, we might assume that this is a result of the pre-reaction that 
has taken place in the unburned parts in knocking combustion. 

Spectroscopic investigation of luminescence in the Diesel engine 
shows ^ that we are dealing mainl}^ with the temperature radiation of 
luminous carbon particles that can also be used for temperature measure- 
ments. We shall treat the absorption spectra observable in the oxidation 
of organic compounds in another place (Chap. XI). 

Complete and exact data for computing maximum temperatures in 


^ Eckert, E., Messung dcr Gcsamtstrahlung von Wasserdampf und Kohlensaure 
in Mischung mit nichtstahlendern Gasen bei Temperaturen bis zii 1300°C, Ver. deut. 
Ing. Forsch.y 387, 1937. 

* Rassweit.er, G.M., and C.L. Withrow, Ind. Eng. Chem.j 24, 328 (1932). 
Withrow, L.C., and G.M. Rasswkilfr, Ind. Eng. Chem.j 26, 923, 1359 (1933). 

® Erichsek, C., Ver. deut. Ing. Forsch., 377, 1936. Neumann, K., 1939, 
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the engine are now available^ (c/. page 224). On the other hand, the 
factor of heat conduction, which helps to determine the temperature 
actually reached, is difficult to determine because of the great role played 
by turbulence.2 Many attempts have been made to measure the tem- 
perature in the engine directly. Since the use of thermoelements and 
the like is excluded — except for determining the average temperature 
during the entire work cycle — it is necessary to depend on optical methods. 
According to Hershey,^ practically only the line-change method should 
be considered. It has already been emphasized that caution is recom- 
mended in using this method or any other optical method and that its 
application is dubious especially in the burning zone itself in case condi- 
tions exist for a direct transfer of stimulus energy. According to Hershey, 
applying this method is not questionable, and the results support this 
view insofar as the temperatures measured are always more or less con- 
siderably under those computed, whereas, in direct transfer of stimulus 
energy, the temperatures to be measured were too high. In comparing 
measured and computed temperatures in the engine, the appearance of a 
temperature gradient in explosions in closed chambers should be taken 
into account (c/. page 148 and Chap. XII). This can cause temperature 
differences of hundreds of degrees within the burned gases. In the results 
of temperature measurements in the engine, it is noteworthy that, even 
after all corrections have been made, the ternperaturc^s mciasured are 
about 105° lower than those computed. The only possibles (ixplanation 
for this remaining difference is the cooling of the gases during combustion, 
which is of course much greater than would be computed for conduction 

1 KiiiiL, Ver, dent. Ing. Forsch., 373, 1935. Justi, E., quotod p. 226. 

2 There are several recent findings (e.gr., by Broeze, Driel, and Peletier) to show 
that the ‘temperature” in the engine (computed from the pressure) is higluT than 
that obtained by means of thermodynamic data. This is entirely possible? if the 
stimulus of the inner degrees of freedom of the molecules (cf. p. 142) does not take 
place rapidly enough; but we should like to raise objections to experiments by Lewis 
and V. pjlbe \J. Chem.. Phys.j 7, 197 (1939)1 that were intended to show this. They 
enclosed gases in flexible tubes and suddenly compressed them (duration ^ 10“^ sec). 
The rise in pressure noted in the case of multiatomic gases was higher than that 
computed adiabatically (2 to 5 per cent). If the effect were real, it should also 
express itself in sound vibrations of corresponding frequency (10^). But these are 
normal sound frequencies in which the normal k values are obs(?rved; sound disper- 
sion appears only at considerably higher frequencies. We should therefore prefer 
to assume for the time being that a different explanation of the facts established 
by Lewis and v. Elbe will suggest itself (compression of finite, great amplitudes, 
Hugoniot equation; cf. Chap. V, p. 166). 

® Hershey, A.E., Chem. Rev., 21 , 431 (1937), with extensive bibliography. Also 
Trans., ASMEj 68 , 195 (1936). Griffiths and Awberry, Proc. Roy, Soc. London A, 
123 , 401 (1929). Rassweiler and Withrow, SAE 36 , 125 (1935). Cf. also 
Bisand, L., Deutsche KraftfahrUForschungy No. 4, 1938, p. 27. Z. Ver. deut. Ing.., 
81 , 805 (1937). Brevoort, M.J., Rev. Sci, Instruments^ 7, 342 (1936). 
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in static gases. Insofar as this is reliable, it might serve to estimate the 
loss of heat during combustion, which is otherwise very difficult to estab- 
lish. In applying the line-change method, it must further be taken into 
account that, since the entire gas is colored, a distorted temperature 
is determined because the colder layers near the wall (or the window) 
enter into the calculation. 



CHAPTER VIII 

KINETICS OF COMBUSTION AND EXPLOSION PROCESSES 


An intimate knowledge of combustion and explosion processes pre- 
supposes a treatment of the kinetics of individual reactions. Since we 
do not wish to presuppose a knowledge of the general laws of reaction 
kinetics, a few preliminary remarks in that direction will be made at this 
point. 

1. Fundamentals of Chemical Kinetics.^ — If iodine vapor reacts with 
hydrogen gas to form hydrogen iodide, 

H2 + I2 2 HI 

we observe that the velocity of the process, ^.c., the increase in the HI 
concentration with time is given by 

where the bracketed symbol of a substance gives its concentration. The 
velocity of the formation of hydrogen iodide is thus i)roportional to the 
product of the concentrations of the initial materials. This is the law 
of the mass action in reaction kinetics. 

If a general reaction takes place between the initial components A, B, . . . form- 
ing the terminal products X, Y, etc., according to the equation of chemical gross 
conversion 


ojA + /3B + ‘>;Y -f- . . . (1) 


the velocity of the conversion from left to right [provided that (1) is really determining 
for the mechanism of conversion^] becomes, according to the equation of the law of 
mass action 


dW ^ d[B] 

dt a dt 


a dt 


/c[A]«[B]^ • . . 


( 2 ) 


in which A is the concentration of the components A, B that of B, etc. k should 
probably be designated as “velocity coefTicient ” (it is commonly called “velocity 
constant,” although it depends at least on the temperature), w, the reaction velocity, 
can be thought of as computed from t, the decrease in concentration of one of the 
initial products, or from the increase of the concentration of one of the end products. 

^ For reaction kinetics, see especially H.J. Schumacher, “Chemische Gasreak- 
tionen,” Die chcmische Reaktion, Vol. Ill, Theodor Steinkopff, Dresden, 1938. 

* If any conversion is given by an equation of the form (1), the chemical equation 
of gross conversion determines the reaction mechanism only in the rarest cases. 

242 
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In principle, every reaction is reversible. In addition to the reaction represented by 
(1), the opposite reaction will also take place. Its velocity is 


w' = 



^d[Xl 

a dt 




(3) 


The resulting velocity according to (1), Wr^ would then be 

= A:[A]«[B]^ • • * - A:'[Xlf [Yp • * * (4) 

In reactions whose equilibrium is displaced far to one side (as in the case of extremely 
exothermal reactions with which we are dealing almost exclusively in this case) and in 
other reactions far from equilibrium, the opposite reaction can generally be dis- 
regarded, and (2) can be applied to the entire reaction velocity. W(; shall generally 
follow this practice. From (4) is derived the formal expression of the law of mass 
action for chemical equilibrium : In equilibrium, no conversion can take place, therefore 

Wr = w — w' — 0 (5) 


and thus it follows from (4) 

k[AnW • ■ • - k'iXnYY • ■ • = 0 ; 


Kj the equilibrium constant of the law of mass action, is likewise still a function of the 
temperature. We can, by the way, express the concentrations in (2), (3), (4), and 
(6) by the partial pressures of the individual components. If we have iiK^asured the 
concentrations d in mols /liter, then Vi 1 /d is the volume that a mol of the substance 
occupies, and thus, according to the laws of gases, 


Vi == 


1 ^ 

Vi 


RTd 



(7) 


We usually include in the constant the power of RT remaining after substitution. 
In practical calculations, this must be taken into account. 

If we are dealing with conversions of the type coming into considera- 
tion here, c.p., the combustion of heptane 

CtHig + 1102 = 7CO2 + 8H2O 


in which a total of 1 2 molecules takes part in the reaction, all the observa- 
tions point to the fact that such a reaction equation cannot be determining 
for the velocity, but rather that the reaction must consist of a scries of 
steps in each of which never more than three initial molecules take part 
at the same time. The probability that 12 molecules would collide in a 
definite configuration at the same time is so small as not to come into 
consideration for practical purposes. Of the multitude of reaction 
formulas conceivable according to (1), only three actually come into 
consideration. The actual multiplicity to be observed in the course 
of the reaction is due only to a combination of a series of such steps. 
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We need therefore consider only the following types of reaction: 


(I) 

A-*X+ ■ • • 

(II) 

A + B-^X + Y + • 

(III) 

A + B + C + Y + • 


which are designated according to the number of the initial molecules 
taking part as monomolecular, bimolecular, and trimolecular reactions.^ 
For the velocity of the monomolecular reaction (I), the following is valid 
according to (2) : 

- - C.IA1 (8) 

or, integrated, 

-'"lii-w <») 

if the concentration [Ao] occurs at the time t = 0. From this, then 
follows 

[A] = [Ao]e-^^^ (10) 

If we plot the log of the concentration against the time in such a con- 
version, then, according to (9), we should obtain a straight line from the 
inclination of which ki is computed. The time that passes till a definite 
portion has reacted can also serve as a measure of the velocity. Obviously, 
after the time r = l//ri, the concentration has dropped to l/e of its 
original value, r could be designated (as is done in the analogous radio- 
active disintegration processes) as the average life span of the initial 
products. Often the half-life period is taken as a measure of the velocity; 
i.e.y the time at which 50 per cent of the material is disintegrated, and 
which becomes, according to (9), 


- In = kiT^^ 


In 2 _ 2.3 log 2 

T, Fi 


( 11 ) 


Expressions for the ^‘quarter-life period,’’ etc., could be derived and 
used in kinetic computations. 

We shall understand by the “ molecularity ” of a reaction only what 
is predicated by Eqs. (I) to (III) concerning the number of initial mole- 
cules taking part in them, while we say that the time law (8), (9), or (10) 
designates a reaction of the first order. In general, we shall understand, 
by the order of a reaction, that power of the concentrations which goes 
into the formal law of time. 


^ The number of the reaction products appearing (X, Y . . . ) is of no importance 
for our purposes here. 
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If we consider, for example, the inversion of cane sugar in a watery 
solution, namely, the conversion 

C12H22O11 + H2O C6H12O6 + CeHiaOe 

then this is a bimolecular reaction in which a cane vsugar and a water 
molecule take part. But, since water is practically always present in 
great excess and its concentration practically does not change during 
conversion, a velocity expression of the first order is found for this 
bimolecular reaction 

d[Cl2H220ii] ^ , 

= /‘It. 12il22tblJ 

For the bimolecular reaction (II), we should obtain the velocity 
equation of the second order 

If we designate the quantities i)resent at the time / = 0 by the above 
index 0 and state 


X = cj Ca = — Cn 

where x is the converted mass, then 



- x)(cl - x) 


(13) 


which, integrated, yields 


1 , (d - _ 

— in . . _ — A 


- 


* 2 / 


(14) 


In case Ca = cj, Ave obtain, instead of (12), (13), and (14), the equation 


dx 


= /r2(cj - xy; 


1x2^ 


(15) 


dt ' (ci-xK 

The half-life period becomes in the reaction of the second order in this 
case (the same concentration of both components) 



If the half-life period of a reaction of the first order is compared with that 
of a reaction of the second order of the same initial velocity, in which 
therefore A’ 2 Ca = A*i, the reaction of the second order must naturally have 
a longer half-life period than that of the reaction of the first order. For 


^ Ca is the same as [A], etc. 
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the reaction of the second order, therefore, and, for the 

reaction of the first order, ^ 0.7/A-i. 

To determine the order of a reaction, the time period found may be 
compared with that to be expected according to the above equations, 
especially with (10), (14), and (15). It is also possible to draw upon the 
values of the half-life and quarter-life periods. Frequently, however — 
and this might be the more reasonable course — we shall determine the 
concentrations in such small time intervals that we can, instead of ( 12 ), 
employ the approximate differential equation 


- ^ ^ A: 2 CaCb (16) 

in which Ca and cb arc the average concentrations in the time interval in 
question. This question can be compared directly with the experiment. 
In a reaction between an arbitrary number of molecules, we should 
determine the reaction velocity dependent on ca, cb, etc., one after the 
other, keeping the initial concentrations of the other components con- 
stant. By the combination of all the observations, we finally obtain a 
velocity expression 

^ • • •) (17) 

which in simple cases can also be reduced to tlie form 

^ • ■ • (17a) 

in which, a, jS, 7 , . . . will frequently, but not necessarily always, be 1 
or small whole numbers. In many cases, however, the velocity expression 
(17) cannot be reduced to the simplified form (17a). In all such cases, the 
interpretation of the determined formal velocity equation demands 
the construction of a more complicated reaction pattern, as we shall see 
later. 

It is a matter of experience that the velocity of most of the reactions 
depends greatly upon the temperature. It is frecpiently stated as a rule 
that at room temperature an increase of 10 ° will almost double the 
velocity. To be sure, in some known cases, the velocity decreases 
with the temperature. If we plot the log of the reaction velocity against 
the reciprocal absolute temperature, we generally obtain a straight line; 
t. 6 ., the coefficient of the reaction velocity as a function of the temperature 
is given by 




( 18 ) 
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The simplest explanation of this expression is that only particularly 
energetic molecules are capable of reaction, those with an energy exceed- 
ing Ey for which reason E is designated as “activation heat/' We are 
led to an expression of the form of (18) as well by assuming that only 
collisions with sufficient kinetic energy of the relative movement of the 
molecules are effective as by assuming that only molecules with a certain 
minimum internal energy are capable of reaction (cf, pages 254^.)* 

As has already been mentioned, many reactions do not take place 
according to a simple order. This may be explained by a complex 
reaction mechanism with a series of simple reactions. Many reactions 
apparently follow simple laws of the first, second, or third order, but 
these are in reality of a more complex nature. We shall come back to 
this in greater detail in a following section. We wish to point out a 
complication of a different kind that we shall also have to treat in greater 
detail, namely, the effect of the wall. All simple laws of gas reactions 
can be valid only as long as we are dealing with a homogeneous gas 
rea(5tion. In practically all actual cases, the gas mixture is enclosed in 
walls, and it is a matter of experience that the border surf act', gas density 
can be of considerable influence on the reaction velocity. In studying and 
interpreting reactions, this may not be negk'cted. 

2 . Kinetic Theory of Gases. — In the pnK^eding scKd-ion, we int reduced 
the velocity coefficients only as empirical factors, but it is (^specially 
important for practical computations to discuss the physical importance 
of these entities. If we proceed from the biraolecular reaction 

A -f- 13 = X ’ * * 

in other Avords, an equation like H 2 + I 2 == 2HI, then, in a given gas 
mixture in a unit of time, no more molecules A and B can react with one 
another than collisions between them take place. In order to be able to 
state anything al)out this, Ave must make use of the fundamentals of the 
kinetic theory of gases. We must proceed from the fact that a gas con- 
sists of individual molecules, that these execute a chaotic heat movement, 
and that betAAaien the indiAudual molecules there are moreover certain 
dynamic effects Avhich, in the case of ideal gases, are negligible in finite 
intervals and AAhicli aa^c exj^ress very roughly by thinking of them as 
completely elastic, rigid spheres between which an interaction repulsion 
occurs only during a collision. 

In order to speak about the number of the collisions betAveen the 
molecules, it is necessary first to gain information about the average 
velocity and the diameter of the individual particle. For determining 
the velocity, we shall proceed as follows: According to the kinetic theory 
of gases, the pressure of a gas must be caused by the impact of the mole- 
cules against the wall. The pressure is defined as force per unit of sur- 
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face; or, since force is the change of momentum (impulse) per second, the 
pressure equals the momentum transmitted by impacts of 1 cm^ of surface 
during 1 sec. Let us imagine a parallelepipedal container, and let us 
assume for purposes of simplicity that one-third of all the molecules are 
moving back and forth in the direction of one of the corners, in other 
words one-sixth of all the molecules to a given surface. If w is the 
average velocity of the molecules, all the molecules will strike a surface of 
1 cm^ in 1 sec which were in a prism of 1 cm^ surface and w cm in height 
and which flew in the right direction; thus, if n molecules are contained in 
1 cm®, %nw molecules. If m is the mass of the individual molecule and 
mw its momentum, then, instead of the momentum mWj 2mw is trans- 
mitted to the wall with the elastic impact, since the direction of the 
original momentum is reversed after the impact. The striking molecule 
has the momentum mw before the impact, after the impact —mw; the 
change of the momentum is thus 2mw, The total momentum transmitted 
to 1 cmVsec therefore becomes 

p = }/^nmw^ (19) 

If in the volume V of the gas there is contained 1 mol = iVi molecules 
then n — ~ and thus 



If we take into account that Nl^ — M, the mass of a mol, then 


pV = HMw^ = 


( 20 ) 


where Ekin is the kinetic energy of the gas 
with the usual form of tlie law of gases 



Comparison 


yields 


pV = RT 


i Mw'^ = RT 


3RT 

~M 


( 21 ) 


(21) furnishes us with one of the first relations for computing w^: 

= 15,800 cm/sec (22) 

in which M is the molecular weight. We note that (20) is correct in 
spite of our simplifying assumptions, if w- represents the average value 
of the square of the velocity. For an exact computation, it would be 
necessary to consider all the directions of flight of the molecules and all 
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velocities coming into consideration and to find the average value for 
them. We should then have obtained (20) with the given meaning of 
We merely note here what we can show, like the close calculation 
necessary for the foregoing, only by means of Maxwell’s law of velocity 
distribution to be derived below, namely, that for the average value of 
the velocity itself the following results: 

"" ■\l^ ^ 


(therefore differing from only by a numerical factor deviating but 
little from unity). 

Molecular velocity therefore normally has values of several hundred 
meters per second. 

A certain point of contact for the molecular diameter is furnished 
by the values for the volume correction Avhich appears in van dcr Waals’ 
equation, or from the mol-volume of solid materials. It deveh)ps that 
the molecular diameter must be of the order of magnitude of several 
A (= 10“^ cm). Establishing the molecular cross section in the gas 
itself is possible on the basis of all those properties wliicli depend on the 
‘^free path length of a particle. By average free path length is meant 
that distance which a gas particle must travcd on th(^ average until it 
collides with another. Naturally, this distance is shorter the more 
molecules there are in a cm® and the greater their cross section; in other 
words, we should expect 



(23) 


where a is the molecular diameter^ and n the number of molecules per cm®. 
The exact computation, which we do not wish to perform here, yields in 
(23) an additional numerical factor of the order of magnitude of unity. 

The phenomena that depend on the free path length are internal 
friction, heat conduction, and diffusion, Avhich are taken together as 
transport problems, t.e., transport of momentum, of energy, and of 
material. In all three cases, a molecule transports the entity in question 
more rapidly the greater the free path length. In the case of viscosity 
and conduction, hoAvcver, the number of molecules present, which is 
inversely proportional to the free path length, exactly compensates for 

^ If two molecules, each of which has the radius r = <r/2, collide, it is possible to 
present this formally in the following manner: We regard one as a point and attribute 
to the other a radius of 2r = <r. If the thrusting pointlike particle enters the circle 
of the surface tto-® around the center of the second particle, a collision takes place; 
hence, in (23), o-* and not r*. In a collii^on of different kinds of molecule, a equals the 
sum of the various radii. 
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this factor so that these entities are independent of the pressure.^ The 
case is different in diffusion when it depends on the mobility of the indi- 
vidual particle and is therefore inversely proportional to the pressure. 

Of the quantitative relations for these entities, we shall mention only 
those of diffusion, since diffusion phenomena are important in many 
flames and in oxidation reactions in the presence of walls. The simplest 
case is that of diffuvsion within itself, auto-diffusion; i.e., in a quantity of 
gas, imagine a number of the molecules as marked (“painted red'O and 
then observe their temporal distribution among the rest. This situation 
can today be realized experimentally, if isotypes are taken^ as the 
“marked’^ molecules. The simplest expressions for the diffusion con- 
stants are given by 



(24) 


From this, D can be derived from known X; conversely, internal friction 
X can be derived from (24) or from the similar formula for rj 


V = 


ptv\ 

T 


(25) 


where p is the density. 

The X values as well as the molecular diameters derived from them 
can be found in talnilations. In the diffusion of two different gases in one 
another, there arc' (complicated expressions for D. The simpkist expres- 
sions arc furnished by an eciuation analogous to (24) and symmetrical 
in the components 1 and 2 


n ^^2^2X2 + n2W i\i 
“ 3(n.i + 712) 


( 26 ) 


From this, it is clear that (24) A\ith average values for X and w will give 
good results for* approximate preliminary estimates. 

For the number of collisions, which is to be estimated for the simplest 
case, i.e.y the number of impacts of a molecule with its own kind, we 


1 Always considering that the pressure is so high that the free path length remains 
small compjiri'd with the dimensions of the container — in general, thcirefore, at pres- 
sures of s(iver}d millimeters upward. 

* Auto-diffusion is obtained only if the mass difference of the isotypes is small. 
The diffusion of hydrogen in deuterium does not yield the coefficient of auto-diffusion 
because of the great mass difference. But the diffusion of HI in DT does yield that 
of auto-diffusion in HI, because in this compound the relative mass differences are 
very small. 
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obtain as the distance ( = w) covered, divided by the free path length 

(27) 

It should be recalled that w becomes several 10^ cm/sec for gases of 
average molecular weight (approximately between 10 and 100). For X in 
the case of molecules of several angstroms diameter at atmospheric pres- 
sure, we obtain 10“^' to lO'^"’ cm; for Z, therefore, 10® up to 10’“ impacts per 
second. It is convenient to keep this order of magnitude in mind. 

The above formulas require further refinement. We shall return to 
them later and shall give the more exact formulas 
without going into the details of the computation. 

The most essential simplification contained in 
our previous considerations is the assumption of 
tlie same velocity for all molecules. It is clear, 
however, that such an ecpial distribution of velocity, 
even if it Avere artificially axlvanced at the start, 
cannot be stable, but rather that, by the collision of 
the gas molecules Avith one another, important 
deviations from regularity must occur. ^ 

A second assumption, less questionable from tlu^ standpoint of 
reaction kinetics, Avas the abovii conception employed to deprive the 
pressure, that one-thii’d of all the molecules move in one of three directions 
perpendicular to each other. From this, AA^e obtained the expression 

p = y^nmw^ 

for the pressure, which was correct in spite of the fact that the assumption 
was in itself unallowable, whereas an incorrect value results for the 
number of impacts against 1 cm- of wall per second. For this, we had 
obtained and the exact computation yields }4jixv* 

We shall now attempt to correct for the first assumption, namely, that 
there is an equal distribution of velocity. We shall not proceed his- 
torically but rather shall begin with the cases of discontinuous energy 
distribution that are yielded by the quantum theory and then refer to a 
continuous energy distribution and thus also draw upon Maxwell’s law 
of velocity distribution. Naturally, Ave shall not be able to account 
theoretically for all the steps involved and shall therefore occasionally 
refer to special works on the subject. We shall begin with the observed 

^ C/., e.g.j Herzfeld, “Kinetische Theorie,’' pp. lljf. If two molecules of the 
same mass and of equal velocity collide in the manner shown by Fig. 157, molecule 1 
will possess the entire energy and 2 will remain stationary. The collisions therefore 
actually cause great deviations from an originally equal distribution of velocity. 

* The difference of one-sixth as opposed to one-fourth can also be disregarded for 
many reaction-kinetic considerations. 
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fact that atoms and molectles, disregarding their translation energy (the 
kinetic energy of the movement of the center of gravity), can be in a 
number of discrete energy conditions which, to be sure, except in special 
cases, are not straight whole-numbered multiples of a definite minimum 
energy but whose amount is given by expressions that are multiples of 
effect quantum (= 6.56 • 10"^^ erg cm) and whole numbers. The 
existence of such discrete energy conditions is proved directly by the 
Franck-Hertz experiments on electron impacts.^ It also follows from 
spectroscopic facts and from other data. If electrons are permitted to 
collide with atoms and if the electrons are given specific energies in known 
fields, velocity losses of the electrons always occur from definite energy 
stages that correspond to the stages of the internal energy of the atom. 
In atoms, the various conditions derive from the various energies with 
which the electrons can move in the nuclear field. In the case of mole- 
cules, there is also the energy oscillation of the individual atoms against 
one another as well as the energy of the rotation of the entire molecule and 
even parts of it, all of which are ^‘quantumed.^^ 

For what follows, it is as yet of no importance what laws describe the 
discrete energy cjonditions of a system. It is only of interest that such a 
series of discrete energy conditions €o, ci, € 2 , . . . exists, a fact that is 
supported by the F ranck-Hertz experiments and the spectroscopic 
results. To do justice to the facts, it is necessary to make the probability 
of the ith energy condition proportional to 

g-e-^i/kT ^ 28 ) 

where gi is the so-called “quantum weight’’ and is always a small whole 
number, frequently 1.- The appearance of the weight factor derives 
from the fact that there are often a number of different conditions with 
the same energy €i (in such cases, we speak of degeneration), gi is simply 
the number of such conditions compared with the same total energy, and 
it is often more convenient to compute with Eq. (28) instead of taking 
all the degenerate conditions individually. 

We shall here omit an analysis of (28).* We wish only to show that by applying 
(28) to only two conditions, 0 and 1, we arrive at the same result as with the usual 
elementary thermodynamic equilibrium computation. If we designate the numbers 
of the particles in condition 0 with Ao and those in condition 1 with Ai, we should have 
the following reaction equation for the equilibrium: 

At^^^Ai (29) 

1 Cf. Franck, J., and P. Jordan, ^‘Anregung von Quantenspriingen.’^ 

* A; = R/Nl, in other words, the gas constant related to the individual molecule. 
€i also refers to the individual molecule and not to a mol. 

* Cf., e.g., Herzfeld, K.F., “Kinetische Theorie,” Brunswick, 1925. 
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where the heat production (computed for the individual molecule) = (co — ei) = — Ae. 

Applying van't Hoff's equation^ with the equilibrium constant K yields 

d \y\ K Ae 
~~dJ~ ~ IkT^ 

Since in our case Ae is independent of the teniperature, only the difference of the 
“chemical constant" for Ai and Ao appears as a constant in the integration. ^ Since 
A 0 and Ai are differentiated only by their stimulus condition, only the members In gi 
and In go of the quantum weights remain for the chemical constants^ We thus obtain 

In A" = ~ 9o 

or 

K = - - = e == ^1 

Ao go go 

which coincides with the direct result of (28). 

The above presentation is not eiitindy (insistent, sinc.e statements on the chemical 
constants have been arrived at only by an application of statistics, blere we are 
more concerned with showing the connection with familiar rc'lations. 

In the case of the harmonic oscillator, the result of the energy condi- 
tions is especially simple. By a harmonic oscillator is meant a mass 
point that exectites harmonic oscillations. As a preliminary approxima- 
tion, an oscillating biatomic molecule can be regarded as a harmonic 
oscillator; here, therefore, the two atoms oscillate against one another. 
We find that a harmonic oscillator is capable only of the succession of the 
energy conditions 

nhv 

where v is its OAvn frequency, n is a whole number, and h is again Planck’s 
effective quantum. The more exact theory shows that, instead of n, it 
should be (n — and that the lowest condition is not tlie one without 
oscillation but that with an energy content of a half ‘‘oscillation quant.” 
At this point, this difference plays no role because we are here concerned 
only with energy differences. The number of particles in the nth energy 
condition will then be 

( 33 ) 

If we have a system of N oscillators, then obviously 

00 

n s=0 

for if we sum up the numbers of the particles in all possible energy condi- 
tions, we must obtain all the particles, or, since it is simply a matter of 

1 Cf. textbooks on physical chemistry. 

* C/., for example, Schottkt, W., “Thermodynamik," Berlin, 1929. 


(31) 

(32) 
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the summation of a geometrical series in this case, 

^ ^ A ^ Nil- 

The fraction of the molecules in the nth energy condition therefore 
becomes 


AN = A^(l - (34) 

and the sums No of all the molecules with energies ^ eo = riohv 


00 

— f,—hp/kT\p—nohv/kT 

1 - 

n = no 

\T "KT ^~n.Jiv/lr'r XT-.— f/bT 


If, in a system of oscillators, only those with an energy ^ eo = riohv 
are capable of reaction, the fraction expressed by («35) should be inserted. 
If two such molecules collide and we assume that reaction could take 
place if the entire oscillating energy of the two molecules together is 
greater than or equal to €o, the fraction of the successful impacts will be 
considerably greater than the fraction (35) ; for the total energy riohv can 
already be realized in the following (no — 1) various ways: The first 
molecule can contain no, and the second 0 oscillation quanta; further, 
the first (no — 1 ), the second 1, etc. The exact expression for the fraction 
of successful impacts thus resulting can be given (cf. page 250). At this 
point, it suffices to note that the ^‘Boltzmann factor c'^t/kT need give the 
fraction of molecules capable of reaction only approximately. 

We now wish to compute the distribution fuiuition for the kinetic 
energy of a gas. We wisli to know how many molecuk^s are c. on trained in 
a given volume element and how the distribution of their velocities v is 
according to size and direction. 


In a continuous energy distribution, it is meaningless to ask about the number 
of particles that, have a definite velocity v (or right^an^:led components of the velocity 

Vxi Vy, Vz) or a definite energy c = ^ Ike mass of the particles. It is meaning- 

ful only to ask how many particles have velocity whose components lie bi'tween Vx and 
Vx 4- dvx, Vy + dvy and 4- dvz or whose kinetic energy li(^s in a corresponding interval. 
It is natural to state the fraction dN' of particles whose velocities lie in the interval 
in question thus 

dAT' proportional dvx dvy dr, (36) 

if AT is the total number of the particles and 


€ 




( 37 ) 
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the kinetic energy of the velocity v. Since we are interested only in the amount of 
velocity and not in its direction (the velocities of the individual molecules will be 
distributed chaotically in. space), we proceed from the right-angled components to 
those in polar coordinates (v, t?, ^), and, instead of (36), we obtain 

dN' = sin d dd^ d<p dv (38) 

By integration of all possible values of t? and we obtain the number dN of the 
particles with vcilocities between v and v 4- dv, independent of the direction. The 
proportionality factor A is then determined, as was done above (p. 254), from 
the conditions that integration of dN of all possible values of v, that is, of 0 to « , 
must yield the total number N of the particles present. ^ 

Thus we finally obtain the desired form of MaxwelFs law of velocity 
distribution 

^-mv^/2kTy2 ( 39 ) 

A stricter analysis for the above-treated examples would demand the 
use of this equation. dN/N is therefore the fraction of the particles that 
have a velocity between v and v + dv. We shall here give only the more 
exact value for the number of impacts between two kinds of molecules 
1 and 2 with masses mi and m 2 and diameters ai and ( 72 . Of these, let Ni 
and A 2 , respectively, be present in a cubic centimeter; this value is 

z.. = 2;v,Ar. ('-^>)’ (40) 

If only one type of molecule is present, the number of the impacts 
becomes 

Z = AV2(47r/rTm)^ (41) 

(Factor 2 is dropped, since otherwise every impact would be counted 

twice, each molecule once as giving the impact and once as receiving it.) 

Numerical values of <r for the purpose of a more exact computation of 
Z can be obtained from tables. As an approximation, it suffices for most 
purposes that a molecule receives about 10® to 10^® impacts per second 
under normal conditions (c/. page 251). 

For reaction-kinetic purposes, as we shall see, the impacts with a 
certain minimum energy, about ^ Eo (referring to a mol), are of interest, 
especially the kinetic energy of the movement of both impact partners 
relative to each other. We then obtain for the number of these impacts 
lZ{Eo)]j disregarding minor refinements, 

Z{Eo) = (42) 

* For details of computation and a more exact derivation, we refer to special works 
Uke Herzfeld, “Kinetische Theorie.^* 
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where Z is the given number of impacts above. The empirically dis- 
covered temperature dependence on the part of reaction velocities can 
thus be accounted for directly by the fact that only those molecules react 
which possess a certain minimum energy at impact. The kinetic energy 
of translation (the movement of the center of gravity of the molecule) is 
not the only energy a molecule possesses, however. The molecule 
(disregarding monoatomic molecules) can also rotate, and the individual 
atoms in the molecule can execute oscillations compared with one another. 
Similar forms of the law of energy distribution are valid for rotation and 
oscillation energy, as we have pointed out. It can therefore also occur 
that an empirically discovered velocity expression of the form (42) 
states: Two molecules react with one another when one of them has an 
oscillation energy ^ Eo (we disregard the effect of the rotation energy, 
since there is reason to assume that the latter plays a smaller role in the 
activation of chemical reactions than does oscillation). 

Just as in the observations made above (page 253), the following is also conceiv- 
able: If it is necessary to produce an activation energy ^ E^), it could be that one 
molecule has the oscillation e and the other an energy ^ (Eo — e). It can be seen 
without computation that there must be a great number of possibilities by which the 
energy ^ Eq comes about; and as a result the probability of activation, according to 
this mechanism, must be greater by a certain factor than the above exam- 

ple, it becomes 

Ml ^r^o/UT 

RT 

If Eo is about twenty to fifty times RT^ the additional factor becomes about 20 to 50. 
If not two, as in the above case, but n degrees of freedom oscillation take part (multi- 
atomic molecules possess a great number of degrees of freedom oscillation), then 
instead a factor 


'Eoy~^ 1 
JiT) {n - 1)! 


(43) 


would result, which, under certain circumstances, would amount to many powers of 10. 
Such factors play a considerable role, especially in monomolecular reactions. 

In a monomolecular reaction, the fraction of molecules high 

in energy disintegrates, the energy distribution is disturbed,^ and the 
disintegration can proceed only if new molecules are activated. The 
collision of molecules is, however, a bimolecular process; as a result, 
the monomolecular disintegration of the molecules can proceed according 
to a law of the first order only if the disintegration takes place slowly 
compared with the activation by impacts. The number of impacts at 
atmospheric pressure is, as we have seen, of the order of magnitude 10® to 
10^® per second. The duration between two impacts would thus have 


^ .But especially the molecules rich in energy will be absent. 
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to be to 10"^° per second; and, compared with this time, the life spall 
of an activated particle would have to be long. As velocity coefficients 
of monomolecular reactions, we frequently find numerical values 

where k is about 10^^ to 10^®. As the *4ife span' ' of an activated particle, 
only 10^* to 10^^ sec would result from this; in other words, this is by no 
means a long time as compared with the duration between two impacts. 
This difficulty disappears only if we assume that in activation a greater 
number of degrees of freedom is involved because then the number of 
activated molecules is considerably higher. 

In addition to a factor greater than unity determined by the participa- 
tion of several degrees of freedom, so-called ‘‘spatial factors < 1 can 
appear in bimolecular reactions. If two molecules collide, their orienta- 
tion to each other at the impact is important for the reaction. In the 

jj j 

reaction 2HI — » H 2 + I 2 , an impact ^ ^ will perhaps be able to lead to 

the formation of the end products, but an impact certainly will not in 
which the molecules are oriented in the following way: 

H~I 
I— H 


In a reaction like H + HI — ^ H 2 + I, certainly only such impacts will be 
effective in which the H-atom strikes the Hl-moleciile on the “H-side,^^ 
etc. It is therefore not surprising that we find such numerical factors 
< 1 , steric (spatial) factors, although relatively little is still known about 
the more exact values of steric factors. 

If we consider the velocity of the forward and reversed reaction of a 
given conversion, let us say, 

H 2 + I 2 ^ 2HI + Q 

k' 


where Q is the heat production, then the following is valid: 




For the equilibrium constants,^ the following is valid 



[mu \ 

[HI]^ /• 


d In K ^ Q 
dT RT^’ 


log/C^ 


Q 

RT 


+ const 


Further, as we have seen above (page 242), 



‘ C/. textbooks of physical chemistry. 



268 EXPLOSION AND COMBUSTION PROCESSES IN OASES 


If the above values are given for k, k', and K, it follows: 

Q = E' -E 

the difference of the activating heat in the forward reaction and the 
reverse reaction is equal to the heat production of this reaction. In 
the above example, Q, for instance, is known from thermochemical data, 
Q = 2.7 kcal; Bodenstein^ found that E = 38.8 kcal and that E' = 43.8 
kcal ; hence E' — E = 5.0 kcal. Since the reaction heats can in general be 
assumed as known as well as the equilibrium constants, it is possible 
to make statements about a reaction even though only its reverse reaction 
has been studied. 

Other reaction-kinetic relations that are needed, especially the laws 
of chain reactions, can best be learned from examples. Since of all the 
reactions taking place in combustion none is so simple and so completely 
known in detail as the hydrogen bromide reaction, we shall begin with 
this simple case. 

3. Chain Reactions Illustrated by the Example of the Reaction 
between Bromine and Hydrogen. — For the velocity of the formation of 
hydrogen bromide 

H 2 + Bra 2HBr 

it was found experimentally by Bodenstein and Lind‘S 


d[HBr] 

dt 


= const 


[Hs] ViBr^] 


1 m 


[HBr] 

[Bra] 


(44) 


in which m = 10.* 

An interpretation of this velocity expression was given independently 
by Christiansen^ and Polanyi"^ and Herzfeld.^ According to them, the 
conversion is brought about by the reaction of bromine atoms, whose 
concentration in thermal equilibrium is \/[Br 2 ], with Ha-molecules. 
This yields the expression in the numerator of (44) . In the reaction of a 
bromine atom A\ith a hydrogen molecule, an HBr-atom and an H-atom 
are formed. The H-atom can now continue to react with a l)r()mine 
molecule to form HBr with regeneration of the Br-atom which liad origi- 


^ Bodenstein, M., Z. physik. Chem., 13 , 56 (1894); 22 , 1 (1897); 29 , 295 (1898). 

® Bodenstein, M., and S.C. Lind, Z, physik. Chem.j 67, 116 (1906). 

* According to a later investigation by Bodenstein and Jung [Z. physik. Chem.j 
121 , 127 (1926)], m — 8.4 independently of the temperature. 

® Christiansen, J.A., Kgl. Danske Videnskab. Selskab Math. fys. Medd. I, 14 
(1919). 

* PoLANYi, M., Z. Elektrochem.y 26 , 50 (1920). 

® Herzfeld, K.F., Ann. Physikj 67 , 635 (1919). Z. Elektrochem.y 26 , 301 (1919). 
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nally entered the reaction, but it can also react with HBr with retro- 
gressive formation of H 2 and likewise a regeneration of the Br-atom. 
The combination of HBr by H-atoms means an inhibition of the reaction, 
hence the expression in the denominator of (44). The smaller the 
quotient [HBr]/[Br 2 ] the smaller the inliibition of the reaction by HBr, 
for the fraction of the H-atoms that react with HBr and not with Br 2 is so 
much smaller. The formation of the velocity expression (44) will now be 
considered in detail, and at the same time the photochemical reaction will 
be considered (Bodenstein and his associates). This has contributed 
materially to the understanding of the details of the meclianism con(;erned. ^ 
For hydrogen bromide formation, the following ''pattern’' is valid: 


(1) 

Br 2 — > 2Br 

ih) 

-45.2 kcal 

(2) 

Br + Ha HBr + H 


— 1 6.4 kcal 

(3) 

H + Br 2 HBr + Br (/cs) 

+40.5 kcal 

(4) 

H + HBr ^ Ha + Br 

(/■ 4 ) 

+ 16.4 kcal 

(6) 

Br + Br — » Bra 

(A-o) 

+45.2 kcal 


Such a reaction is called a chain reaction.'' The following is character- 
istic for such a reaction: There is a "chain-inducing’' reaction (1) accord- 
ing to which, by the dissociation of a bromine molecule, free bromine 
atoms are formed that continue the chain. Experience teaches that free 
atoms are especially capable of reaction, just as are free radicals. The 
bromine atoms formed according to (1) can react according to (2), giving 
rise to a new active particle to make up for the disappearing Br-atom, 
namely, the H-atom, which on its part reacts according to (3) or (4) by the 
retrogressive formation of a Br-atom. In this '^reaction chain," no 
active particles are combined, and the chain would become infinitely long 
and the number of the Br-atoms and thereof ore the reaction velocity 
would become infinitely great, if the recombination of two bromine atoms 
were not added as "chain-breaking" reaction (0). 

Practically, there is no way of assigning this chain pattern to an 
empirical reaction equation. It is necessary, rather, to construct a 
plausible pattern, to derive the reaction equation resulting from it, and 
then to compare this with experience. 

From the above pattern, the reaction equation is obtained according 
to Bodenstein in the following way: Hydrogen bromide is formed accord- 
ing to Eqs. (2) and (3) and combines according to (1); the resulting 
formation velocity is 

= h[BT]m + fr,[H][Br 2 ] - fr4lH][HBr] (45) 

at 

1 Bodenstein*, M., and H. LtJTKEMEYER, Z. physik. Chem.j 114, 208 (1924). 
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In this, the unknown concentrations [Br] and [H] appear. For [B r], the 
equilibrium concentration of the bromine atoms [Br] = could 

simply be inserted in the case of the thermal reaction, where K is the 
equilibrium constant of the reaction Br 2 ^ 2Br. For the sake of general 
validity, however, and in order that the final formula obtained might also 
be applicable to the photochemical reaction, we shall explicitly compute 
by the above method. For the formation velocity of the free atoms, we 
obtain from the pattern 

(I) = 2A-i[Br2] - A- 2 [Br][H 2 ] + A- 3 [H][BrJ + A- 4 [H][HBr] 

- 2ke[Br]^ 

(II) -PJ = UBtW,] - /<-3[H][Br.] - /(•4[H][HBr] 

For the static reaction, Bodenstein assumes ‘^quasistationarity’^ of the 
concentrations of the active particles and therefore gives the two pre- 
ceding expressions as ecpial to zero. This avssumption would be exactly 
correct if one kept the concentrations of the reaction participants con- 
stant (e,g.y by means of adding and withdrawing, through semipermeable 
walls). Under practical conditions, however, it is exact enough to 
warrant its use. 


If, therefore, 
that 


dlBr] 

dt 


— 0, it follows by subtraction of the above expressions 


2A:i[Br2] - 2k4Br]^ = 0 
[Hr] = VrllBr.] 


(46) 


ky/ka, the relation of the velocity constants for the reaction forward and rev^erse, is 
equal to the equilibrium constant K. As stated above, one therefore obtains in the 
thermal reaidioii fTlr] = v^A'fBr 2 l (photochemical reaction; cf. page 262). 

For [II], we obtain from Eq. (II) 


^ k^miu,] 

^ ^ k^Br.] + fcdHBr] 


(47) 


and, with the above value for [Br], 


A^2[Br.>] + MHBr] 

Employing these two expressions for [Br] and [H], we obtain 


(48) 


d[HBr] _ . rTT 1 rur l ii ^ " ^^[HBr]! 

-dr - Vr. P + *4(Br4] +-fc4[HBr][ 
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The reaction velocity therefore becomes 
4HBrl 

dt T 4 [HBr] 

A -3 [Brd 

This velocity expression is clearly identical with that discovered empiri- 
cally by Bodenstein and Lind, if 

b = L 

kz 8.4 

Such a reaction pattern, formally derived and furnishing the correct 
gross reaction equation, is meaningful only if the individual velocity 
constants also assume physically reasonable values. Since, in the above 
radical expression, the known equilibrium constant of the Br 2 -dissociation 
equilibrium is included, A *2 can be computed from the empirically dis- 
covered velocity expression, and it will be found, if the concentrations are 
expressed in mols/cm^, that 


k2 = 4.55 • lOi3e-i7.6oo/i27’ 

The impact number of Br and H 2 is computed at the experimental tem- 
perature of ^ 200°C at ^ = 2 • (as the order of magnitude for Z at 
atmospheric pressure, we have previously given 10® to 10^®; 1 mol is 
contained in 22.4 liters; for 1 mol/cm^ as a unit of concentration, a value 
for Z consequently results that is 2 • 10'^ times larger). 1x2 is therefore 
of the order of magnitude of the impact number, in addition to which a 
spatial factor yfy could be included. The activation heat of 2 of 
17.6 kcal is nearly exactly equal to the heat production of this endothermic 
reaction. From this, it would follow that the activation heat of the 
reversed exothermic reaction of H with HBr is in this case practically 
equal to zero {cf. page 258). 

This assumption, namely, that for exothermal atomic reactions the 
activation heat is generally zero, was introduced in 1919 by Herzfeld but 
later dropped again. Experience in the meantime has shown that the 
activation heats of exothermal atomic reactions are, to be sure, not 
exactly zero but are in general quite small, ^ ^nd that it is therefore 
possible, within certain limits, to make predictions about the velocity of 
atomic reactions of the type discussed. It is possible to say that the 
activation heats of exothermal atomic reactions are generally only 

^ Cf, Geib, K.II., Atomreaktionen, Ergeh. exakt. Naturw.j 16, 44 (1936). 
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several kcal (up to 10), and those of endothermal atomic reactions in 
general are about as many kcal above the heat production. 

The hydrogen bromide reaction, however, permits several additional 
conclusions which are of importance also in other respects and which we 
shall treat here. If the reaction is investigated photochcmically, it is 
seen that a molecule of Br 2 is split up into atoms in the suitable spectrum 
range for an absorbed light quantum.^ Instead of 2A*i[Br2], the velocity 
of the formation of free atoms in the thermal case, there must appear 
2Iab6, if labs is the absorbed light energy expressed in ^^molquanta’^ 
(6 • 10^^ quanta) per cm^. Now the experimentally established reaction 
velocity in light^ permits us to compute the constant ko, since k 2 is already 
known from the thermal experiments. For this, we find, if the concen- 
trations are again computed in mol/cm^, 

A-6 = 2.5 • 10^1 

if the experiments have be en carried out at atmospheric pressure. But 
this is by no means equal to the impact number among Br-atoms related 
to mol/cm^ as the unit of concentration, for which we compute about 
6 * 10^®. This means, however, that only about every two hundredth 
impact between bromine atoms loads to recomlunation.^ 

The fact first observed by Bodenstein and Liitkemeyer, that in a 
recombination reac.tion there is a yield of only about KooOj did not come 
as a complete surprise. Herzfeld had already pointed out that the newly 
formed molecule Br 2 still contains the entire reaction heat and therefore 
can disintegrate again immediately. A Br 2 “quasimolccule^^ formed by 
impact of two Br atoms will therefore generally disintegrate again after 
a life span that is comparable with the oscillation duration of the molecule 
of sec, unless it has occasion during this life span to give off its 

energy, or at least a part of it, in collision with another molecule. The 
fraction of the ‘‘effective^’ impacts between bromine atoms is therefore 
approximately given (as long as the pressure is not too high) by the ratio 
of the time span of the quasimolccule to the time between two impacts of 
the quasimolecule with a foreign molecule. (It is not necessary to 
introduce the concept of the “quasimolecule.” It may be said instead 
more simply: Two atoms recombine only in a triple collision, in which a 
triple collision is understood to be an impact in which within a short time 
of 10“^^ sec a third collision partner is added to the collision pair.) 
This ratio is, however, proportional to the pressure, and it is therefore 
necessary to find proportionality for the velocity of the recombination 

^ This takes place on the observed spectrum. 

* Bodenstein, M., and H. LCtkemeyer, quoted p. 259. Herzfeld, K.F., quoted 
p. 259. 
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of two free atoms with the pressure of foreign gases present; and this is 
actually the case.^ (In the thermal reaction, this pressure effect does not 
appear, since the disintegration of the added foreign gas is influenced 
in the same manner as the recombination. If this were not so, a dis- 
placement of the equilibrium would result with the addition, and this 
would be in contradiction to thermodynamics.) 

Thus the important fact is established that free atoms (and also 
radicals) can recombine only in a triple collision. The probability of 
recombination is about proportional to the pressure of the gases present 
(although individual differences are experienced). This has been 
observed not only in the case of bromine but also in the reactions of 
atomic hydrogen. To be sure, the case can be different in the recombina- 
tion of multiatomic radicals, just as the energy for activation in mono- 
molecular disintegrations can amount to many degrees of freedom. It is 
therefore conceivable that the reaction energy also in the case of recom- 
bination is distributed over many degrees of freedom in the same molecule 
and that the life span of the molecule formed becomes so great that it 
exceeds the average time between two impacts and that therefore 
practi(;ally every new-formed molecule is deactivated by impact, and the 
reaction takes its course in a double collision. ^ 

The last fact of general importance, which we shall meet in the photo- 
chemical HBr formation, is the destruction of bromine atoms on the wall 
(this process, too, is not noticeable in thermal reaction where for thermo- 
dynamic reasons just as many Br-atoms must be formed at the wall as 
must be destroyed). Experimentally it is found that the velocity of the 
photochemical HBr formation falls below the expected values, if either 
the container dimensions are reduced or the pressure is greatly reduced. 
Both effects can be explained qualitatively and, as far as a computation is 
possible, also quantitatively by the fact that bromine atoms, except in the 
gas phase, can also be destroyed by recombination in the triple collision 
at the Avail, perhaps in sucli a Avay that a bromine atom striking the wall 
remains absorbed there till a second atom joins it and recombines with it. 
We shall not offer a treatment of the important diffusion phenomena 
(c/. Jost and Jung^; we Avish only to point to the fact that in this 
and other static chain reactions. Avail influences of this kind are 

1 Jost, W., and G. Jung, Z. physik. Chem., Sec. B, 3, 83 (1929). Jost, W., 
Z. physik. Chem.y Sec. B, 3, 95 (1929). Hilferding, K., and W. Striker, Z. physik, 
Chem.j Sec. B, 30, 399 (1935). Rabinowitsch, E., Z. physik. Chem., Sec. B, 33, 275 
(1936). Rabinowitsch and Lehmann, Trans. Faraday Soc., 31, 689 (1935). Rabin- 
owitsch and W.C. Wood, Trans. Faraday Soc., 32, 907 (1936). Rabinowitsch, 
Trans. Faraday Soc., 33, 283 (1937). Rabinowitsch and Wood, J. Chem. Phys., 
4, 497 (1936). 

* Kimball, G., J, Chem. Phys., 5, 1937. Kassel, L.S., J. Chem. Phys., 6 , 992 
(1937). 
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known and explainable. In the discussion of nonstatic chain reactions, 
we shall find it necessary to discuss them in greater detail. 

The temperature dependence in compound reactions can frequently 
be expressed by an exponential function where Q, however, need 

not always have a simple meaning as activation heat. By the over- 
lapping of several reactions, various conversion mechanisms can some- 
times predominate in various temperature ranges, and thus various 
temperature dependencies can result. In such cases, and in reactions 
with chain-branching, in which the reaction velocity over a limited 
temperature interval changes as exp ( — Q/RT) changes and in which this 
formula has more the character of an interpolation formula, we designate 
Q as apparent activation heat.^^ In such cases, the factor appearing in 
addition to the e power is of a different order of magnitude from what we 
should ordinarily expect. 

4. Reactions with Chain -branching. — An important class of reactions 
that it is still necessary to discuss is that of ^‘chain-branching.^' We 
cannot take any simple thoroughly investigated example, however, for 
the simplest combustion reaction of this type, the oxygen-hydrogen 
combustion, is not so clear as the more simple chain reactions of the 
hydrogen halides. Of oxygen-hydrogen combustion, this much is 
known with certainty (see Chap. IX), that at higher temperatures it 
occurs with free atoms and radicals and that in addition to H-atoms the 
radical OH takes part, which has also bc^en shown to be present in thermal 
equilibrium at higher temperatures (above 1000°) by Bonhoeffer and 
Rcichard.^ If we attempt to formulate a reaction mechanism with it 
(c/. Chap. IX), we should arrive at something like the following reactions 
(for the chain induction, we do not want to make any definite assumptions) : 


(1) 

OH + H 2 ^ 

H 2 O + H + 12 kcal 

ih) 

(2) 

H + 02-^ 

OH + 0 - 14 kcal 

(h) 

( 3 ) 


OH + H + 0.5 kcal 

(/<•») 


and as chain-breaking, ^ perhaps among others, 

(4) H + OH + M -> H 2 O + M (A-O 

This pattern again represents a chain reaction. (1), (2), and (3) are 
chain-continuing reactions. After (4) and similar reactions, there is a 
chain break.- As opposed to the chain reactions discussed previously, 
here something new is added. In the reactions, steps (2) and (3), 
there appears on the right side for each active particle entering the 
reaction (H- or 0-atom) not only one new active particle but two, 
one OH-radical + one H-atom. If the number of the new active 

1 Bonhoeffer, K.F., and Reichard, Z. physik. Chem.^ Sec. A, 139, 75 (1928). 

* Other reactions will actually predominate in chain>breaking. 
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particles arising according to (2) and (3) is greater than those disappear- 
ing according to (4) and analogous equations, their number and therefore 
the reaction velocity in the course of conversion must increase constantly, 
i.e., an explosion must take place even under conditions under which the 
reaction mixture does not spontaneously heat up. Explosions of that 
kind have frequently been observed under low pressures, and the concept 
of reaction chains was developed by Semenoff to explain them. At this 
point, we shall leave open the question of the nature of the mechanism 
involved in oxygen-hydrogen mixtures. At higher temperatures, chain 
members as we have described them certainly play a role, although, to 
be sure, with a different breaking reaction. 

Obviously the nature of the chain-inducing reaction does not need to 
play a role in the appearance of an explosion if active centers are formed 
at all. It depends only on whether the reactions leading to an increase 
of the active centers [(2) and (3) in our example] are compensated for 
by the reactions combining active centers [like (4)] or not. 


If we attempt to compute the static reaction velocity of the hydrogen combustion 
given above, as we hav(^ done for tlie HBr formation, the following method is used: 
We again assume that the concentration of tlu^ active parti(4es is static, r.r., the cor- 
responding differential (piotients at time = 0. We do not introdu(;e a special chain- 
inducing reaction. The numbc^r of the active particles must, of course, increase if we 
have introduced even a few such particles at the beginning. Then 

(I) m]/dt = uoimiA - himm -f - A'4 [H][oh][M] 

(II) d[0]/dt = A: 2 [II][Od - A'afO][H 2 ] 

(III) d[0}l]/dt = -/ci[OHllIE] + A:2[H]I02l + A:a[0][IIJ - A:4[II]lOH][M] 


From (IT) 


Eqs. (I) to (III) yield 
or 


A:2[H][02] 

A^alH^ 


2AffOHJ[Il2] ~ 2 /c2[H][02] = 0 


A^2[H][02] 


Insertion of the expressions for [O] and [OH] in (I) gives 


and thus 


[H] - 


/bi[H2j 

UM] 


_ A;,/c2[H2][02] ^ A;,A;2[02]. 

■" AjaA^dlTajM A;3A;4[M]' 


[OH] 


fc2[02] 

A:4[M] 


For the velocity of water formation, we then find 

dIHzO] ^ 2fcifc2[H2][02l 
dt k^M] 


We thus obtain an expression that is in no way different externally from expressions 
valid for static reactions and that would thus suggest that we are dealing with a static 
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reaction in this case too. If, however, we were to put the numerical values of the 
individual constants into the equation and thus anticipate experimental results, 
which we shall discuss later, we should find that, according to this mechanism, the 
reaction at 450®C would practically have come to an end after a fraction of a second, 
in other words, that an explosion would have taken place. If we likewise computed 
the ^‘static concentration of the [H] atoms according to the above equation, we 
should obtain a value that is higher than the [II 2 ] concentration usually applied; ^.e., 
explosion has again oecurred by ehain-branching. In addition, it naturally follows 
that the concentrations of the intermediate products like [H], etc., at least at high 
temperatures, arc^ by no means static under reasonable conditions and that therefore 
the entire manner of computation given above cannot any longer be applied, making 
it necessary to substitute anoth('>r. 

We could conclude from the above pattern — and this has often been 
done — that in chain-breaking according to the second order [reac.tion (4)] 
and in chain-brancliing only according to the first order [reactions (2) and 
(3)], the breaking of the brancliing would finally always Yvdve to com- 
pensate for a sufficiently high concentration of the active particles and 
that therefore no explosion could occnir. As can be seen, however, such 
an argument loses its force if a compensation would appear only at such 
a high concentration of the active particles that the reaction would 
practically have come to an end previously with a velocity that would 
mean explosion. Of course, it must be borne in mind that the above 
equations do not suffice to describe the processes actually observed in 
oxygen-hydrogen explosion.^ 

In order to derive the relations for chain explosions in the usual form, 
as first discussed by Semenoff, we shall consider the simplest possible 
pattern of the reaction with chain-branching, A substance A is to change 
to a substance B by reaction with active particles X with regeneration 
of the particles X and the formation of other possible inactive particles 

X + A^B + X + — • 

(In actual examples, perhaps a second active particle Y is produced in the 
same phase of the reaction that regenerates the particle X only after 
reaction with A or Avith another substance; but this does not change 
anything essential in the above simple case.) Let chain-branching 
appear by reaction of X with the type of molecule C, for example, 

X + C ^2X + D + • — 

while the active particles disappear, and chains are thus broken, perhaps 
according to 


» Cf, Chap. IX. 


ki 

X +E-^E' + 
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If we skttempted to compute tlie static velocity from this according to our usual 
method, we should get ^ 

^ - 6 

and from this 

k2[C] = k»[E] (50) 

We thus obtain no value at all for the static concentration of [A"] but rather a condition 
between two velocity constants and two concentrations. If this condition is fulfilled, 
the reaction velocity becomes static for any value of [A"]. The concentration of X and 
the reaction velocity therefore remain undetermined. If the expression for d\X\/dt is 
positive, however, that is, k‘ 2 [C]k 3 [E\ the concentration [A’], and therefore the reaction 
velocity, constantly rises, and the condition (50) therefore characterizes the borderline 
case for the chain explosion. A condition of the form (50) results for chain explosions 
in general, according to Semenoff.^ As long as we are far enough removed from tho 
limits of explosion and have a static reaction velocity, it is necessary to take into 
account another chain-inducing reaction producing particles like 

ko 

U-^nX 


for example, let X be formed by dissociation of U or according to any other process of 
the first order from U j then the following is valid: 


^ = fco[t/] + - fc»[X][B] ='0; 

Thus the reaction velocity w becomes 


[A1 


ko[U] 

hm - uc] 


w = 


dim 

dt 


= HX][A] 


kMA][U]_ 
HE] - A-slC] 


(51) 


The reaction velocity thus has a definite value as long as the denominator 
is positive. If the denominator is zero, it means that the process is 
passing over into explosion and leads again to condition (50) 

- UC] = 0 


as a borderline condition for a chain explosion. 

We wish to change the above equation for w somewhat in order to 
adapt it to the form that has become customary since Semenoff. By the 
^hain-inducing reaction, active centers X appear in the time unit ko[U], 
An active center reacts A*i[A] times with molecules A, Therefore, the 
number of the primary reactions in the time unit, noj is proportional to 
koki[A][U]. The expression kulPJ] is proportional to the probability that 
a particle X is destroyed and the chain broken. Wo shall designate this 
expression with p. Correspondingly, A’ 2 [C] is proportional to the proba- 
bility that an additional particle X is formed and the chain is branched. 
We shall designate this probability with d. Thus the expression for the 


Cf. the criticism on pp. 279#. 
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reaction velocity^ becomes 



If we disregard a proportionality factor, we can designate jS — 5 as the 
resulting probability for the chain break. The reaction velocity is finite 
only as long as this probability possesses a positive value. The condition 
for explosion is chain-break probability = chain-branching probability, 

P = 5 

We have always assumed free atoms and radicals to be active particles, 
and thus we have limited ourselves to the special case of “material 
chains.’’ This is not necessary. In the case of “energy chains,” the 
above relations of chain explosion are also valid. Indeed, the transfer of 
liberated reaction energy that leads to chain-branching was originally 
the point of departure of Semenoff’s findings. We speak of energy 
chains if energy-rich activated particles, stabler in themselves, are respon- 
sible for the continuation of the reaction, like molecules with a certain 
minimum energy €, whose fraction in the thermal equilibrium is 
It was formerly customary to introduce such particles as (diain reactions, 
but since the deactivation probability of stimulated particles in impacts 
is very high, the cases are probably rare in which such active particles 
appear in a concentration much higher than that corresponding to the 
thermal equilibrium. 

However, a mixed energy-material chain, as Semenoff has proposed 
for the explanation of the chain explosion for chlorine-hydrogen gas and 
for many other cases, may often appear 

Cl + H 2 HCl + H - 1.2 kcal 
H + CI 2 -> HCl + Cl + 45 kcal 

In the second reaction, the reaction heat will be able to distribute itself 
to the reaction products in various ways. In any case, stimulated HCl* 
molecules will arise that can have an energy content up to 45 kcal in 
the form of rotation and oscillation heat. If such an HCP-molecub 
collides with a Ch-molecule, which has a minimum energy content of 
(dissociation heat — energy of the HCl*-molecule), the dissociation of the 
Cb-moleculo and hence chain-branching is possible. Such processes of 

^ Since in general at least no and d will vary exponentially with the temperature, 
the resulting temperature dependence is rather complicated. P'specially, if 5 is only 
a little smaller than jS, the velocity can vary to an extraordinarily great degree with 
the temperature. If we represent the velocity over a limited range of temperature 
formally by exp (—Q/RT), the “apparent heat of activation Q” can assume uncom- 
monly high values. 
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energy transfer may perhaps play a role in CO combustion,^ where, in the 
absence of water vapor, a mechanism of explosion of the following type is 
plausible: 

CO + 0 CO 2 * 

CO 2 * CO + O 

CO 2 * + M CO 2 + M 

CO2* + O2 CO2 + 0 + O 

Here the oxygen atoms are assumed to be the active particles. The 
formation of CO 2 from CO + O in a triple collision is divided into two 
steps, merely formal, namely, in the formation of an energy-rich complex 
CO*, which can either disintegrate spontaneously into CO + 0 or be 
stabilized in a triple collision with any molecule M that absorbs the excess 
energy. If this triple collision x>artner is an oxygen molecule, the jenergy 
absorbed from CO* can lead to the dissociation of O 2 and hence to 
chain-branching. 

The borderline condition for chain explosion 

^-5 = 0 

has demonstrated its value especially in the explanation of the critical 
explosion pressure limits. As we have already mentioned, explosion 
ranges of the kind shown in Fig. 158 arc 
frequently observed at lower pressures. In 
Fig. 158, the shaded range corresponds to 
that of chain explosion. Below limit I and 
above limit II, no explosion appears; or, 
differently expressed, under the special con- 
ditions, the ignition temperature, beginning 
at very low pressures, at first drops with 
increasing pressure but then rises again 
and finally goes over into a relation (dashed 
line) that can express a heat explosion ^ 

(but not necessarily). A limit like I can 
obviously be explained in the following manner: If the chain-branch- 
ing is either independent of the pressure or increases with increas- 
ing pressure, while the chain-breaking is inversely proportional to the 
pressure, in other words, takes place at the wall and is determined by the 
velocity of the diffusion of the chain agent to the wall, the breaking 
probability must (below a certain pressure) outweigh the branching 
probability, and a limit corresponding to I must be established. That 
this explanation of the lower’' explosion limit is probably generally 
applicable is substantiated by many findings. If this is true, definite 

1 Cf. Chap. IX. 



'iG. 158. — Explosion limits in 
chain explosion. 
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dependencies on the dimensions of the container must result. The 
greater the diameter of the container, the smaller the velocity of the 
diffusion to the wall; hence also the lower the explosion limit, a fact that is 
verified again and again. Further, the diffusion velocity of inert foreign 
gases is influenced to the same extent as that of the gases taking part 
in the reaction. The addition of inert foreign gas can therefore aid 
explosion. Both facts are corroborated by experience. In general, the 
position of the lower explosion limit cannot readily be reproduced, and 
this too fits the facts, for the chain break at the wall is dependent to a 
sensitive degree on the momentary condition of the wall. In borderline 
cases, remarkable relations exist, as we shall see below. 

An upper explosion limit, the nonappearance of an explosion with 
increased pressure, is obviously possible only when the deactivation, 
the destruction of the chain agents, rises with a higher power of the pressure 
than the new formation of chain agents by chain-brancihing. We can 
therefore be dealing only with processes in the gas phase in which, for 
example, the chain-branching is a reaction of the second order but the 
chain break is a triple collision reaction. The interpretation of the upper 
limit is not always easy in detail. The fact that it can easily be produced 
is characteristic for the upper limit, as well as the fact that its position is in 
general independent of the wall material (an important assumption; cf. 
Chap. IX, page 310), a proof that deactivation in the gas phase must 
actually be responsible for the appearance of this pressure limit. 

It will be necessary to regard the chain-heat explosion as a more 
general type of explosion. Even though few systematic experiments 
have been mad(^, it is nevertheless likely that this case is realized espe- 
cially under technic.ally important conditions of explosion at high initial 
pressure. Without chain-branching, the reaction velocity could not grow 
to considerable valiu's in very short times. On tlie other hand, the condi- 
tions for heat conduction at somewhat higher pressures are of such a 
nature that, as soon as the reaction velocity has noticeably increased, a 
practically complete conduction of the reaction heat can no longer come 
into consideration. 

Before continuing with the discussion, we shall attempt to formulate 
quantitatively the relations developed above. In this, we shall follow 
Semenoff.^ 

For this purpose, we shall consider first of all the reaction with the 
chain break at the wall. We shall from the first disregard branching 
entirely and compute only the static velocity. For simplicity, we shall 
assume an infinitely extended container bordered by plane-parallel walls 
at a distance of 2d, because the diffusion relations are especially simple 
in this case. It would occasion no great difficulties if a cylindrical or 

^ Semenoff, N., '^Chemical Kinetics and Chain Reactions,” Oxford, 1935. 
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spherical container were treated exactly. In general, however, it does 
not pay to go beyond the computation of the simple case assumed above, 
for the following reasons. We shall take into consideration only pure 
diffusion; but practically, except at very low pressures, convection will also 
play a role. Convection can be introduced only by an empirical correc- 
tion factor, however. The solution of the problem also recpiires definite 
assumptions on the condition of the wall. It must be assumed either 
that every active particle striking the wall is destroyed (which is quite 
true in some cases) or (which the experiments corroborate in other cases) 
that only the fraction e of all the impacts of active particles against the 
wall leads to chain-breaking, in which e sometimes (!an be very small, 
10'"'* or below. It is clear that e is greatly dependent on tlie condition 
of the wall; it can change from experiment to 
experiment in the same reaction container or even 
in the course of a single experiment, and this can 
make exact quantitative results extraordinarily 
difficult to obtain. If, however, the indefi- 
niteness of the yield factor in chain-breaking 
introduces essential uncertainties into the result, 
an overexact treatment of the diffusion problem 
(which, in addition, would change little in the 
form of the solutions obtained) would hardly be 
justified. If we put the x-axis of a coordinate 
system perpendicular to the bordering parallels of 
our reaction containcT and if W(‘ allow the z(M’o point, to fall midway 
between the plates (Fig. 159), the following differential (Mpiation for tlie 
static concentration of ac.tive partich^s would result if we d('signate the 
number of active particles per cm^ spontaneously formtMl in the unit of 
time Avith Uq: 

no + D'^-=0 (52) 



Jmu. 159. 


in which the second member represents the decrease in concentration of 
active particles by diffusion* to the Avail and D represents the diffusion 
[coefficient of these partiedes in the gas mixture in question. 


Equation (52) can be integrated and jnolds 


dn 

dx 




‘2D 


+ Cl 


[a member Avith x may not appear, C must = 0, since the concentration distribution 

is symmetrical to the middle plane of the plates, = oj- If we now place 

* Cf. Frank-Mises (quoted p. 49) and the expressions used elsewhere, c.^., Chap. 
Ill, p. 117. 
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the yield of impacts at the wall at « = 1, in other words, assume that every active 
particde striking the wall is destroyed there, then also n = 0 at the wall (z.e., for 
a? — ±d)f and thus 

*«) (53) 


The concentration of active particles is now naturally spatially variable, with a 
maximum in the middle of the container. For the gross reaction velocity to be 
observed, we are interested in the average concentration n in the reaction container 
for which the following is obtained by integration: 



That is, the number of active centers, and therefore also the reaction 
velocity, is proportional to the square of the container width and inversely 
proportional to the diffusion coefficient. Since the latter is inversely 
proportional to the pressure, the composition remaining constant, 


one obtains for n 


const 

P 


n (Pp 


(55) 


That is, n and the reaction velocity are proportional to the total pressure, 
although, to be sure, only as long as no is independent of the pressure. 
If the gas mixture is composed of the components 1, 2, . . . with the 
partial pressures pi, p 2 , . • • then 


hipi + k2P2 + • • * 

in which the individual A*!, /r 2 , . . . take care of the various impact cross 
sections of the individual gases. Thus n becomes 

n ^ d-{kipi + k 2 P 2 + ' • *) 

Relations of this form are frequently found fulfilled at the wall for the 
velocity of chain reactions with chain-breaking. 

However, it is easy to see — although this fact has been clearly recog- 
nized only relatively recimtly — that, with chain-breaking at the wall, 
relations can also be obtained into which the coefficients do not enter and 
the dimensions of tlie container enter only indirectly. If, namely, e, the 
breaking probability in an impact against the wall, is very small, the 
diffusion velocity in breaking at the wall will play no role in the velocity 
of the chain break; for now only a very small decrease in the concentra- 
tion of the active particles to the wall will appear. Even this small 
decrease in practically constant spatial concentration suffices, however, tc 
move as many active particles to the wall as are destroyed there in the 
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fraction e of all gas-kinetic impacts against the wall. If 0 is the total 
surface of the container and tD the average molecular velocity, then 

in the unit of time — such impacts take place (c/. page 251) if n is the 

static concentration of active particles. The number of the active 
particles spontaneously formed in the entire volume V in the unit of time 
is uqV, Since in a static condition just as many particles are formed as 
disappear, the following is valid: 

nwOe 


or 


n = 


4yioF 

W0€ 


In our case, V = Od; in this indirect way, the dimension of the container 
enters the final equation from which D and thus p, however, have com- 
pletely disappeared 


iripd 

we 


(56) 


Therefore, in this case also, the greater the dimensions of the container, 
the greater the static concentration of active particles, and therefore the 
reaction velocity is proportional only to the fiivst power (c/. page 276). 

If instead of tlie form of the container chosen by us, a dilferent one 
had been taken, let us say, a sphere, only the numerical factor entering 
into (56) would have been changed somewhat. This result is important, 
especially for qualitative considerations. '^^I'he dependency of the reaction 
velocity and therefore also of the explosion limit on tlie pressure demanded 
according to (54) and (55) has always been regarded as a decisive criterion 
for chain-breaking at the wall, but these observations show that this need 
not necessarily be the case. Even the dependence on the square of the 
container width can be removed, and chain-breaking at the wall will 
nevertheless be determining. 

We could treat the two borderline cases € ~ 1 and € <<C 1 in a simplified 
manner and obtain the result even in its most important quantitative 
respects without difficult computation. The intermediate range, which 
of course represents the majority, requires more careful consideration. 
It is possible to give the solutions for it to(j, but we shall dispense with 
them here, since we shall make no use of tlie (piantitative relations for 
them. We therefore simply refer to Lewis and v. Elbe.^ We are here 
chiefly concerned with showing how varied the relations in the case of 

^ Lewis, B., and G. v. Elbe, J. Am, Chem. Soc., 76, 970 (1935); also ‘‘Combus- 
tion, Flames and Explosions of Gases.” Kassel, L.S., and Storch, J. Am. Chem 
Soc., 67, 672 (1935). 
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chain-breaking at the wall can be and how necessary it is to be careful in 
interpreting the results if errors are to be avoided. 

We shall now introduce chain-branching and investigate the explosion 
conditions for the above relations. We shall have to add to the above 
expressions that of chain-branching. If we assume the chain-branching 
to be proportional to n and the number of the active centers to fn, then 
the numbcir of the active particles formed in the unit of time per cm* is 


n,) + fn 


and the particles destroyed by diffusion on tlie wall again is 


D d^n 


(for the 


infinitely extended container bounded by two plane plates perpendicular 
to the a;-axis). In the static condition, therefore, the following is valid: 


D ^2 + "I" ^0 = 0 


(57) 


Equations of this kind have been treated by Bursian and Sorokin 

In order to roMlize how the explosion limit coitkjs about, we can proc(‘ed in the 
following manner: In the bre^aking probability 1 per impact on the wall, we obtained 
for the static concentration of the eliairi agents 

n<\(P‘ 

jy 

that is, up to 1, the breaking velocity is proportional to nD/(P. For purposes of 
approximation, we may simply adopt this expression for chain-branching. The 
resulting breaking probability is obtaiiKMl by subtraction of the branching probability 
from the breaking probability to* 

k^-fn 


and thus the static concentration of active particles and the reaction velocity is 
proportional to 

where k is still a numerical factor wdiose value is determined by more exact computa- 
tion. The explosion condition then is 

JcD 

^-,r = 0 (58a) 

However, if we again consider that the diffusion coefficient is inversely 
proportional to the total pressure p, or, more exactly, inversely propor- 
tional* to 'hkiPi, and that the branching probability/ will be proportional 

^ Btjrsian and Sorokin, Z. phi/sik. Chern., Sec. B, 12 , 247 (1931). Cf. also 
Sembnoff, ‘^Chemical Kinetics and Chain lleactions.^' 

* A: is a proportionality factor. 

* Pi represents the partial pressures of the individual components. 
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to a Boltzmanii factor e then we arrive from (58o) at the following 
expression 

d'^pe-E/RT ^ const ( 59 ) 

where, for more exact computations, SA*<pi would appear in place of p. 
It follows from this that, at constant temperature, the critical explosion 
pressure would be inversely proportional to tlie squai-e of the container 
width, a relation that could frequently be corroborated {cf. pages 283j^.)» 
and further that the critical explosion pressure like 
increased temperature. This is formally the same relation that we have 
derived for thermal explosion. In (59), the first power of p appears only 
if the branching probability / is independc^nt of the pressure * if the latter 
were proportional to p, th(‘n instead of (59) the following would be valid: 

^ip2^~E/i{T _ const 

As a matter of princi])le, the following should l)e pointed out: Under 
the above assumption that chain-breaking takes place at the wall and the 
diffusion of the chain agxaits against th(; w^all is determining for the 
velocity, the breaking prol)abi]ity is alw ays propoitional to p~h Insofar 
as the l:>rancliing prol)al)ility is in(l(‘pen(lejit of the pressure or propor- 
tional to a power of the pressure higher tliaii the ( — 1 )st, a cr-it/ical i)ressure 
limit always results above which explosion again occurs. If in addition 
there is a chain-breaking process in the gas phases that is proportional to a 
still higher power of tlui pressure, tluai there must also be an upper 
explosion limit above which explosion is again impossible. One pre- 
supposition for the appearance of the limits, in a form given by Semenoff, 
is that the (diain-breaking and chain-branching reaction is of the same 
order in respect to the concentrations of the active particles, for the 
explosion condition no long(‘r contains their concentration (r/., however, 
pages 279/.). 

All the relations, however, are now complicated by tlie fact that, as 
we have alic^ady discussed, tlie probal)ility of chain-breaking in the case 
of an impact against tlie w all, 6, can }>e very small. Then the dependencci 
on the dimensions of th(i container and on pressure in the form of (59) 
can l)(^ disregarded {cf. in this connection Lewis and v. Elbe, quoted page 
273). To this must be added a complication not yet mentioned, namely, 
that the wall can be not only negatively but also positively catalytic, z.e., 
chains can proceed from it. Therefore all combinations with chain 
induction in the gas phase and at the wall, with chain-breaking in the gas 
phase and at the wall, and finally also with chain-branching in the gas 
phase and at the w^all are to be taken into account. We do not wish to 
concern ourselves unnecessarily with formal considerations, however, 
and shall therefore mention only the case of chain induction and chain- 
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breaking at the wall. This case is treated by Semenofif and by Lewis and 
V. Elbe (quoted page 273). In this case too, the reaction velocity — 
unlike what we might expect — ^is still dependent on the diameter of the 
container, but only on its first power, as long as € is not 1 (cf. Lems and 
V. Elbe, quoted page 273). 

If € « 1 and the breaking velocity is (cf. page 273) given by nwOef4ij 
the following results for the static condition. If nio chains are induced 
per unit of wall surface, it must be equal to the above expression, in 
other words, 

n = iHh 
ew 

The reaction velocity is thus completely independent of the dimensions 
of the container. 

We shall not develop in detail the theory of the upper explosion limit, 
since we shall become acquainted with it later by examples (pages 
283ff.). Here we shall only mention the fact that, if the branching 
velocity is a certain function of the pressure (or the; partial pressures), let 
us say, ^ and if there is a chain-breaking in the gas ])hase that is 
proportional to a power m > n of p, then with increasing pressure a limit 
must eventually be reached at which the breaking in the gas phase com- 
pensates for the branching, and the explosive reaction therefore again 
slows down. By the cooperation of chain-breaking at the wall, which is 
favored by low pressure and a mechanism in the gas phase about the 
nature of which no general predictions can be made but about which it 
must be assumed that it is favored by rising pressure (like a triple 
collision reaction), the island-like form of the explosion region comes about 
(Fig. 158). It has already been shown that the branch of the lower 
explosion limit (up to the neighborhood of the minimum) can be expressed 
by an exponential formula. Under the presuppositions mentioned, this 
is also true of the branch II of the upper explosion limit; for, if the branch- 
ing is proportional to the breaking proportional to the pressure 

(in the above relation, m = l,n = 0), the folio wing is true for stationarity: 

kp = 

that is, the pressure rises at the upper explosion limit (or a power of the 
pressure) exponentially with the temperature just as the pressure (in 
general at a power different from that at the upper limit) decreases 
exponentially at the lower level. A third limit (dashed line in Fig. 158) 
that often appears could be explained on the basis of the chain theory, but 
it appears to us much more probable that we are here dealing rather with 
the presuppositions of thermal explosion, even though it might be a 
matter of chain reaction with branching. 
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If we write the reaction velocity according to Semenoff in the form 

k 

w 

- 6 

the explosion limits are indicated by the positions jS— 6 = 0. If/9— 6 

is plotted as a function of the pressure, for constant temperature, the 
zero positions correspond to infinity positions of the reaction velocity, 
in other words, explosion limits (Fig. 100). Also, the course of the 
reaction velocity is given in the figure by the dashed lines. It presents 
no difficulty, of course, to think of the function — 6 as approximated 
polynomially in powers of the pressure, necessi- 
tating our beginning generally with the (~l)st 
power. The higher the powers of the pressure 
we take into account, the more zero positions 
are obtained; but it is hardly feasible physically 
to go beyond two zero positions corresponding 
to the upper and lower explosion limits. 

In the discussion so far, we have been dealing 
with stable types of molecules in the case of the 
pressure or the reaction order and not with 
active particles. In respect to the latter, it was 
generally tacitly assumed that the reaction was 
of the first order. In chain-breaking at the 
wall and in velocity-determining diffusion, this 
is, for example, always the case. Chain- 
branching according to a mechanism, like H + O 2 OH + O, is like- 
wise of the first order in respect to the active particle H. Chain- 
breaking in the gas phase, e.g., by reaction of an active particle with a 
foreign substance that is present as a minor impurity, would likewise 
be of the first order in respect to the active particles (e.g., a reaction 
NO 2 + O— >NO + O 2 ). Actually, Semenoff ^s formal relations are valid 
only for reactions into which the active particles enter with the first order 
(in themselves, they would also be valid for higher orders but only if the 
active particles entered in breaking and branching reactions with exactly 
the same higher orders, a thing that can generally be excluded as too 
improbable) ; for an explosion condition independent of the concentration 
of the active particles can be obtained only if the breaking probability P 
and the branching probability 8 are each given by 

p = gn and 8 = fn 
It then follows from the explosion condition 

= 0 g-f^O 


N 






Fia. IGO. — Rosulting 
breaking probability, /3 — 5, 
and reaction velocity w as 
functions of the pressure in 
a reaction with chain- 
branching. 
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independent of n. If a member quadratic in n occurred in the breaking 
probability (originating from the recombination of two active particles 
in the gas phase), we should obtain, as has already been mentioned (c/. 
pages 265, 275) 


p - 8 = QoU + gin^ - fn (60) 

This expression never becomes zero for sufficiently high values of n, that 
is, we shall formally never obtain explosion, but rather a static reaction. 
It would not be permissible to conclude, however, that the reaction would 
necessarily have to be static; it depends rather on the numerical values 
of the individual reaction velocities. If the total velocity, as in the 
example treated at the beginning (page 264), is so high that eve ly thing 
has reacted in a few seconds or in a fraction of a second, there is explosion, 
even though the formal expression obtained does not fit the simplified 
pattern, according to Semenoff. 

As a matter of principle, the following must be determined for the 
explosion condition: The reaction velocity becoming infinite is nothing 
but a convenient mathematical formulation for ''becoming very great."' 
In finite quantities of material to be converted, the reaction velocity can 
actually never become oo, because the consumption of the initial sub- 
stances prevents it. In general, however, this mathematical simplifica- 
tion is xiseful and produces correct results. If in special cases the formal 
computation leads not to an infinite but rather to a very great reaction 
velocity, it would be liasty to assume that the contradiction to the 
simplified mathematical formulation would mean that no explosion is 
present. Rather, the experimental result is only a very great reaction 
velocity, and this can also be the result of the computation. 

Moreover, this case, too, is of importance, and perhaps of greater 
importance than would seem to be suggested by the examples investigated 
up to now, namely, that the reaction is really not accelerated up to the 
point of explosion by chain-branching but that it lias been accuderated 
up to the point at which the heat equilibrium has been disturbed and a 
thermal explosion finally takes place as a result of a reaction at first 
accelerated by ciiain-branching.^ 

At this point, we shall also mention the case that SemenofT designates 
as reciprocal chain action, that chain-branching also appears in a reaction 
of the second order in respect to the active particles. Therefore 

^ = no + /'n* - gn (61) 

1 Cf. Norrish, R.G.W., quoted pp. 417. 
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if n is to be static, then it follows from this (with dn/dt = 0) 


n = ?LZ_^V^-2_/'4no 

2 / 


( 62 ) 


The solution is imaginary, z.e., the stationarity is lost and explosion 
appears if 


^'^0 ^ g " ( 63 ) 

That means, however, that here, in contrast to the cases considered 
earlier, the appearance of the explosion is favored by an inci’ease in the 
number of the initial <;enters. The result is not entirely unexpected, but 
it must be empliasized that, witliout tlu‘ introduction of tlie quadratic 
member, such an effc(;t, according to a strict chain tlu'ory, could not 
appear. However, we must again call the following to mind: Ev(*n with- 
out reciprocal chain action, the static velocity is proportional to the 
number of spontaneously formed initial centers 


If this static velocity is, to be sure, measurabh^ but small, and the con- 
centration of tlie initial centers is increased artificially (in materials that 
disintegrate into active particles by light absor})tion, e.g.j chlorine 
molecules in (‘hlorine dc'tonating gas by means of lighting) by a number of 
powers of 10, then the n^action velocity too would increase several powers 
of 10, and this could suffice to render it explosive or at least to lead to the 
induction of a thermal explosion. At any rate, it can be seen that 
promoting explosion by means of increasing the numlxu* of the initial 
centers m^ed not necessaiily be conditioned by reciprocal chain action. 
It is possible that we need not introduce it at all. 

It can be showiP that, even by assimiinp; only such elementaTV reactions as are of 
the first order in respect to the active particles, an expression is obtained as an explo- 
sion .condition that cannot always be reduced to SeinenofT’s condition /? — 6 = 0, 
with i3 proportional to the breaking probability and 6 proportional to tlu‘ branching 
probability. If we disrc'gard the chain-inducing riuictions (which is pi^rmitted as 
long as th(i production of active centers by the priinary reaction is n('gligibly small in 
proportion to thc^ production by chain-braindiing) and if we assiiUK; as chain-continu- 
ing, chain-branching, and chain br(*aking reactions only those winch arc of the first 
order in respect to the various active particles A^, we can write tlie following pattern 
of reactions: 

ATi 4- ^ + * * • A ' + ' * • + A’^ • • • 

(I) ATa 4- B + • • • -> + • • • + A* + • • • 


JosT, W., and L. v. MifFFLiNG, Z. physik, Chem., Sec. A, 183, 43 (1938). 
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in which A, A', • • • are to be stable types of molecule. In each equation of 

this pattern, an active particle appears to the left; and to the right, 0, 1, or 2 particles 
can appear according to whether we are dealing with a chain-breaking, chain-continu- 
ing, or chain-branching reaction. From the pattern I, we obtain for the temporal 
change of the concentration n* of the individual active particles, the following system 
of differential equations: 


( 11 ) 


dt 

dn^ 

H 


= aiiTii -t- ai2n>2 + • 


= <l2lWi ^22^2 H” • * • 


The individual coefficients have the form 

a,* - ±/ca[A"][A'"] + ±-- 

that is, they depend on the concentration of stable molecules A" • • • J?" • • • , etc., 
and the various velocity coefficients but not on the concentrations of active particles. 
In a nonatatic reaction, it would be necessary to integrate the system (IT) of simul- 
taneous differential (ujuations. If we assume with Bodenstein the disappearance of 
the dnijdi as a condition for stationarity, it follows: 

Ull'Wl “f~ -}-*** ”0 

(III) a>nn\ -b ao>in2 • =0 


The condition for the solution of these equations is 


(IV) 


(In dvi 
<121 <^'22 


= 0 


that is, the determinants of the pattern of coefficients must disappear. (IV) there- 
fore represents at the same time the boundary condition for chain explosion. 

(IV) can obviously be reduced to the simple form — 5 = 0 only in exceptional 
cases. This equation is A^alid, as follows from what has been said before, only as long 
as the number of the primarily produced active centers can be disregarded as opposed 
to the number formed by chain-branching. If this assumption is no longer fuirdled — 
c.flf., when active (uuiters ai’c produced in large numbers artificially — then in at least 
one of the equations in (III) a member would appear accounting for the production of 
active centers that would be independent of n; that is, the equation system (III) 
would be nonhomogimeous. In this case, equation (IV) means precisely that no 
solution of (III) exists; i.e., under conditions under which stationarity previously still 
prevailed, explosion must now appear if active centers are artificially produced. We 
therefore do not need Semenoff’s hypothesis of reciprocal chain action” in order to 
explain explosion by an increase in the number of initial centers. 

These considerations at least show that we must be very cautious 
in arriving at conclusions from purely formal relations. 

5. The Time Element in the Development of a Chain Explosion. — An 
explosion reaction, as we have pointed out earlier, is characterized by the 
fact that the reaction velocity keeps increasing with time and that 
nothing prevents an unlimited increase except the consumption of the 
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initial material. It is hardly possible in principle to draw a line of 
demarkation between a conversion like that shown in Fig. 161, 3, which 
is probably ended in a fraction of a second, and an ^‘auto-catalytic 
reaction'' like that shown in Fig. 161, 1, in whi^h the reaction velocity 
rises over a much longer time interval, sometimes many minutes, to a 
correspondingly lower maximum value and then sinks correspondingly 
more slowly. 

Semenoff differentiates between curves of type 3 and type 1 in Fig. 161 
as true and degenerate explosions. Obviously the most essential char- 
acteristics of the explosion processes are common to botli tj’^pes. 

Since the violent effects of an explosive reaction are merely secondary 
phenomena that are lacking, for example, in explosions at low pressures, 
the essential characteristic of a regular 
explosion is that the basic reaction takes 
place with a constantly increasing velocity 
until the consumption of the initial 
materials^ counteracts a further velocity 
increase. The assumption is always that 
we are dealing with an exothermic reax;- 
tion. If we wish to separate the regular 
explosion from the auto-catalytic reaction, 
which obviously would also come under 
the above definition, the following is 
typical of the explosion; reaction 

velocity must increase by so much that 
the heat equilibrium is finally disturbed 
and, in gases, the pressure rises as a result 
of the rise in temperature. In Fig. 161, 
curve 1 would represent an auto-catalytic 
reaction or, according to Semenoff, a 
degenerate explosion. The curve shows the dei>eiKlence of the reac- 
tion velocity on the duration of the reaction, ('uiwe 2 represents 
explosion, since in the vicinity of point A the heat equilibrium is 
disturbed and the reaction velocity, instead of passing through the fiat 
minimum at with increasing temperature tak('s a course in the direction 
of B' and then, after passing through a steeper maximum, likewise drops 
again. Curve 3 shows the usual type of explosion. It can as well be a 
matter of a heat explosion in which the heat equilibrium has been dis- 
turbed from the start and the rise in velocity is a result of the rise in 
temperature; but it can also be a matter of a chain explosion in which, as 
a result of chain-branching, the reaction velocity takes an isothermal 
course until it has become so great that a temperature rise results. In all 

^ Or, of course, the appearance of reaction-inhibiting products. 



the roaotioii velocity. 1. Auto- 
catalytic. loaclion. 2. Ileactioii 
with chain -hrancijing, which 
changes over into thermal explo- 
sion. 3. Normal explosion. 
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cases, the reaction velocity passes through a maximum after a certain 
time and then drops to 0; for, since we are always dealing with finite 
quantities of substances, w cannot of course become infinitely great. 

In connection with Semenoff’s considerations, we shall now deal 
with the development of an explosion in time. The induction time is 
especially important for practical purposes {cf. Chaps. XI^.). The 
spontaneous production of active centers in the unit of time is to amount 
to about no, the destruction by chain-breaking is gn, and the renewing by 
branching is /n. In all, the formation velocity of active particles there- 
fore becomes 

^ = no + (J — g)n (64) 

In the static case, this must be equal to zero. We shall now observe the 
initial period at the beginning of which (for / = 0) let the concentration 
of active particles still be n — 0. Under this assumption, (64) is inte- 
grated and yields, insofar as no, /, and g can be regarded as constant, 

n = -r^ - 1] (66) 

f - 0 

The number of the a(jtiv(^ parti(4es and the reaction velocity assumed (for 
purposes of simplicity) to he proportional to it therefore increase expo- 
nentially with the time, as might have been expected without computa- 
tion. Since (/ — g) can become positive (chain explosion) as well as 
negative (static reaction), these two cases can still be differentiated, and 
we can write 
(explosion) 

fi = [e(^/)< — 1] for / — gf > 0 (66) 

and 

(static reaction) 

for ? - / > 0 (67) 

In the first case, the reaction velocity rises exponentially, for large 
simply as 

where ^ — f ^ g. This naturally holds only if / and g are regarded as 
constant. In reality, the branching probability will decrease as the 
reaction progresses, and therefore the rise in velocity will also decrease. 

An S-shaped course of the conversion time curve will, by the way, 
result even without chain-branching if the conversion takes place by way 
of an intermediate product that continues to react more rapidly than it is 
formed (e.g., aldehyde in the hydrocarbon oxidation). 
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Seiii6D.off lias subjected the temporal development of the reaction 
velocity to a still more detailed analysis^ and finds (in examples taken 
from the literature on the subject) a remarkably good agreement with the 
facts, although his formulas contain fundamental simplifications. As 
long as more comprehensive and more recent experimental material is 
available to test these relations, we can omit a more detailed discussion 
of them here. We should like to emphasize, however, that investigating 
the element of time in the development of an explosion is of great impor- 
tance. For many purposes, it does not suffice to know that a certain 
mixture explodes. It is necessary to know also in what length of time 
it ignites. For example, in the operation of the Otto engine, much 
depends on knowing that it does not knock (c/. Chap. XIII), i.e., that the 
unburned portion of the compressed mi\tui(‘ in the (jombiislion chamber 
does not react spontaneously in an extr('ni(dy short time more rapidly 
than the flame passes tli rough it. it is thereof ore important to know 
whether, during the time the flame requires t.o j>ass completely through 
the combustion chamber — for a rapidly running engine, of the order of 
magnitude of several thousandths of a scH'ond - the rcvmainder of the 
mixture reacts or not. The problem is further (a)mj)lic;i ted by the fact 
that neither pressure nor temperature is constaiit (botii i-ise in spite of 
cooling by the walls as the result of continuing compression by the 
expanding burned gases). In addition, we are d('aling not with a pure 
chain explosion but rather with a cliain reaction w ith branching in w’hich 
the initial acceleration is probably consideral)ly conditioned by chain - 
branching, in which, of course, the heat equilibrium is dislurlxHl ( Norrish) . 

6. Examples of Chain Explosions. — Reactions in which chain-branch- 
ing plays a role and the peculiar properties of tliese reactions have been 
known for some time, even though an explanation could be given only 
recently. 

vanT Hoff2 gives older examples that emphatically contradict the 
customary assumption that the reaction velocity is proportional to 
the concentration of the participants in the rea(;tion. Thereafter, in 
1788, Fourcroy found that, at the usual temperature and normal pres- 
sure, pure oxygen does not affect phosphorus, whereas air oxidizes it 
greatly. In 1795, van Marum found that a picicc of phosphorus shines 
much more in rarefied air than in air of ordinary pressure. H. de 
Labilladi^re observed in 1817 that hydrogen phosphide, PH 3, does not 
ignite on contact with air but that it explodes at ordinary temperature 
if the pressure is reduced. This is therefore the oldest observation of the 
appearance of an upper explosion limit. Analogous observations were 

^ Cf. “Chemical Kinetics and Chain Reactions.” 

*VAN'T Hoff, “Etudes de dynamique chimique” (Studien ziir cheinischen Dyna- 
mik), reworked by E. Cohen, 1896. 
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made by Dumas and Davy (1817). Joubert found the same for arsenic 
and sulphur (1874), Friedel and Ladenburg (1871) for silicon hydride, and 
Berthelot for nickel carbonyl; but the latter finding is questioned by 
Reicher and Jorissen (1894), who found ignition even at 13 atm of oxygen, 
insofar as we are not dealing with a third explosion limit. The oxidation 
velocity of PHs in the neighborhood of the explosion limits was investi- 
gated by V. d. Stadt,^ who found that, with decreasing pressure in 
approaching the explosion limit, the very small reaction velocity showed 
no increase. This reaction as well as that of phosphorus oxidation were 
then studied more carefully by vanT Hoff himself. 

The reactions of phosphorus and of PH 3 with oxygen are among the 
first examples by which the formal relations for chain explosions could be 
tested, chiefly by investigations of the schools of Semenoff and Hinshel- 
wood. We shall briefly discuss these more recent findings, since they 
aid us in understanding the nature of the upper explosion limit. 

a. The Oxidedion of Phosphorus . — That explosive oxidation occurs 
only within certain pressure limits of oxygen was clear from older investi- 
gations. In this case, extreme conditions prevail since phosphorus is 
generally present only at its vapor pressure at room temperature of 

Hoo Semenoff 2 and his collaborators have shown, it is 

possible to detect the lowx^r pressure limit strikingly if oxygen is permitted 
to flow through a capillary tube into an evacuated reaction vessel contain- 
ing solid phosphorus. In a given reaction vessel, the critical lownr 
explosion limit occurred at an oxygen pressure of nim Hg. If oxygen 
was allowed to flow into the evacuated vessel containing phosphorus, the 
pressure first rose to this point wdthout reaction on the part of tlie oxygen. 
When the critical pressure is reached, reaction sets in w’ith illumination, 
and the pressure docs not rise even if more oxygen flow^s in, bec^ause all 
the oxygen present beyond the critk^al limit is precipitated with phos- 
phorus as a nonvolatile oxide. Oxygen, slightly under the critical 
pressure, did not react noticeably wdth phosphorus for several hours- 
The same critical explosion pressure w\as determined when oxygen was 
passed over phosphorus below^ the critical pressure and then suddenly 
compressed. If, instead of additional oxygen, argon is added to the 
phosphorus and oxygen at a lower pressure than the low^er explosion 
limit, it is j^ossible to obtain explosion just as it would be wdth Go. This 
remarkable result is to be expected according to the chain theory, if the 
chains are broken at the w’all; for then argon too must retard the diffusion 
to the Avail and therefore also retard the chain-breaking. The critical 
explosion pressure was found to bo proportional to the square of the 

^v.D. Stadt, J., Z. physik. Chern.j 12, 322 (1893). 

*Sembnoff, N., Z. Physik, 46, 109 (1927). 

» CiiAUiTON and Walta, Z. Physik, 39, 547 (1926). 
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ch&niber diEniGter, as could likewise be predicted for chain-breaking 
at the wall (insofar as the breaking probability is not extremely small) 
cf. Table 44. 

Table 44. — ^Lower Explosion Limit in Phosphorus Oxidation (From Semenopp) 


Diameter of the 
spherical reaction 
chamber d, cm 

Pot( 02 ), mm Ilg 

Perd^ 

6 

3.27 • 10-» 

190 

13.4 

1.16 -10-“ 

209 

18.1 

0.61 • 10-» 

200 


As an empirical relation that yields the explosion limit with varying 
pressures of phosphorus, oxygen, and added argon as well as in depend- 
ence on the diameter of the chamber, the following was found: 


d^pPiPo^ 


^±±P<^+J>± 

P P4 + PO 2 


- Cl 


(68) 


In this, Cl had a value of 1.25 • 10”"^ for a cyliudrk^al redaction vessel, if d 
is given in centimeters and the pressure of the various gjises in mm Hg. 

An expression of the above form for the lower explosion limit, which 
is also valid for other cases, can be derived in the following manner, 
according to Semenoff. We have already derived the fact that, in chain- 
breaking at the wall, the breaking velocity is proportional to the diffusion 
coefficient (which is inversely proportional to the total pressure that 
appears in the numerator of the above formaJ expi*ession) and inversely 
proportional to the square of the diameter of the container d. We shall 
verify this result in detail with Semenoff, using SInoluchowski^s relations 
as a point of departure.^ According to Smohichowski, the number of 
collisions that a particle of gas experiences in a displacement of a distance 
of Ax is 


V 


Ax^ 

■~4}^ 


(69) 


if X is the free length of path. 


This formula can be obtained in the following: way (up to a numerical factor of 
the order of magnitude 1, which does not concern us her(0. I"or displacement to the 
extent of the distance Ax, let the particle rec'uire the time t. During this time, the 
particle has moved along its zigzag path in all Iw cm, if w is its velocity. Since it 
experiences a collision every X cm as an average, it has experienced during^this time 



W. Smoluchowbki, M., Ann. Physik.^ (4), 21, 756 (1906). 
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collisions. In order to make use of this result, we must know how long the time t is 
which it needs for displacement of Ax. If we introduce as an approximation the 
average square of displacement Ax* (which is not identical with the square of the 
average displacement), we can use the relation valid for this 


Ax* = 2Dt 



If in place of the diffusion coefficient D we use the approximate expression 


we finally obtain 


— 2 X» 


(70) 


which, except for one factor r/2, is identical with the above expression. 

The average number of impacts that any particle in a container of the 
thickness d experiences in diffusion up to the wall will therefore be pro- 
portional to d‘VX-, in which the added numerical factor is somewhat 
smaller than the above (and depends on the form of the container), since 
on the average a molec.ule was less than d/2 distance from the wall. We 
can omit computing this factor (tt/IG for a container with planiparallel 
walls with a distance d between them), since we shall not make use of it. 

If an active particle wei-e to be formed at a distance d from the wall 
and react in a chain react-ion taking place at eveny impact, the length 
of the chain v would be ecpial to tlu', number of impacts before hitting the 
wall, in other words (approximately), 

^ “ 4 

In reality, an active parti (4 (' Avill react not at every impact but rather on 
the average at every gth impact; then the chain length is only 

/ ^ 

^ 4 y^q 

The free length of path X is inversely proportional to the pressure, or, more precisely, 
if various types of molecule .l/i, A / 2 . . . with the partial pressures pi, p 2 • . . are 
present, if X is the frc'c length of path and Xoi the free length of path of the active 
particles in p\ire M 1 with standard pressure, et(;., 

I r^ll ^ h . 

X Xoi X02 

(The effective cross sections in a gas mixture that bound the free length of path and 
are inversely proportional to it must be added.) We should then obtain for the 
length of the chain 
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If the types of molecule Mi and M2 are the reacting materials and if an 
active particle experiences q collisions in a mixture of both until it reacts, 
then it will experience more collisions, namely, q\ till it reacts, if an 
inactive component Mz is added, since all collisions with Mz are ineffec- 
tive. If especially two types of active particles are present, e.g., O and 
P4O, of which one type reacts^ with P4, 

0 + P4 P4O 

and the other type with O2, 

P4O + O2 P4O2 + 0 

then the number of impacts in the mixture after which on the average a 
reaction takes place will be qi and q^. 

If is the number of impacts that O requires for reaction in pure j)ii()s})horu 8 vapor, 
and correspondingly is the number that P4O requires in purcj oxygen, then 

Pi ^ P2 ^ pti 

n ^01 X02 X03 

qi = qi 

Zl 

Xoi 

II ^ZL 

n Xni X02 Xos 

q 2 = q 2 — 

Zl 

X02 

In this, we have equated the corresponding lengths of path for O and P4O For more 
precise computation (which would, however, be required only in rarest cases), they 
would be different. For simplicity, we shall also assume the X values as ecjual for all 
reaction partners and inert gas('s. They then drop out entirely from equations for q. 
If we now have a reaction (duiin in which O and P4O appear alternately as chain 
agents, then the effective q of the average value of the above entities becomes 

91 + 92 ( 9 ? , <li\ Pi + Pi + Pi 

Since 

^ = Zi -f 
X Xoi X02 Xo 3 

the chain length becomes (let Xoi = X02 = X03) 

(P 2 

pi P 2 

^ We are here concerned only with a mechanism with which we can verify the 
relations forcibly. We shall refrain from any definite statement as to the actual 
mechanism. In the meantime, the cold phosphorus flame has been investigated 
more thoroughly spectroscopically [Rumpf, it., Z. physik. Chem.., Sec. B, 88, 469 
(1938)1, and the band spectrum in the visible (chiefly in the green) has been ascribed 
to an agent PO, which is thought to originate in a collision between P .2 and O^. 
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If we substitute for further simplification gj = gj » go, then 


d* Pi + Pi + p3 


Xog? 


/o Pi + Pi X?g? V* ' Pi + P 2 > 

Now let 5 be the probability that the chain will branch at some link, then 

v'S = 1 (72) 




clearly explosion, for then a new chain is started on the average for each 
chain that has run its course. The chain will never stop. If we assume 
(completely justified by the result) that 8 is independent of the concentra- 
tion of the individual reaction partners, then the condition for explosion 
following from (71) and (72) is 


d^PtPi A . Pi \ 
Xogo \ "^ Pi + Pi/ 


= Cl 


(73) 


in which Ci can be dependent only on the temperature. If we identify 
Ph P 2 , Pa with Pp 4 , P 02 , Pa, then this is exactly the empirically discovered 
explosion condition. Consideration of the individual impact cross sec- 
tions would lead to furnishing the individual p’s in brackets with indi- 
vidual factors, as was found experimentally by Melville and Ludlam.^ 
For the upper pressure limit of the oxidation of phosphorus, the 
following is found: 


in which at room temperature C 2 = 2.8 • 10~®; i.e., with a vapor pressure 
of phosphorus of ^ 3 f 00 1 ^ 01 , the upper critical pressure limit for oxygen 
is ^ 280 mm. The upper limit is, as is generally observed, independent 
of the diameter of the chamber. Kowalsky^ determined this experi- 
mentally by filling a reaction chamber with oxygen until it was above 
the critical explosion pressure as long as the phosphorus in it was frozen 
out with liquid air. Then only was the desired vapor pressure of the 
phosphorus freed. The oxygen was thereupon slowly pumped off, and the 
pressure at which explosion occurred Avas determined. 

For an explanation of the upper limit, a destruction of active centers 
in the gas phase must be assumed. Hoav the breaking comes about is 
not clear in detail, especially since the nature of the chain agents has not 
yet been determined in this reaction. Kowalsky assumed that impurities 
in the oxygen are responsible for the breaking, for which view it is possible 
to adduce experiments with artificially added impurities (see below). 
For breaking in the gas phase with pure oxygen, the triple collision 
reaction 

0 + 02(+M)-^03(+M) 

^ Melville, H.W., and E.B. Lttdlam, Proc. Roy, Soc. London^ 132, 108 (1931). 

• Kowalskt, Z. physik. Chem.j Sec. B, 4, 288 (1929). 
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might be considered. Even though the appearance of 0-atoms as active 
particles at room temperature may not seem plausible, the well-known 
observation might be adduced in its favor that, in the slow oxidation of 
phosphorus, ozone is found as a reaction product. We shall dispense 
with quantitative considerations here, but it is possible to derive formal 
relations for breaking by means of impurities as well as by means of 
triple collisions with O 2 which coincide with experimental findings. By 
considering all the possibilities of breaking, it is possible to formulate a 
single relation that represents the entire range of explosion, upper and 
lower limit as well as the transitional range, as has been discussed in detail 
by Semenoff (“Chemical Kinetics and Chain Reactions '0- 

Experiments with additions of various foreign gases can be regarded 
as support for these views. In his experiments, Kowalsky found that the 
upper limit could l)e reproduced only if he worked with constantly new 
reaction chambers; repetition of an experiment in the same chamber at 
the upper pressure limit yielded an extension of the reaction range. 
Since the position of the upper limit is in itself independent of the dimen- 
sions of the chaml)er and should also be independent of the nature of the 
wall, this influen(^e might be due to impurities that are introduced by the 
preceding i cjaction, under certain circumstances by ozone. At any rate, 
the intentional addition of ozone extends the explosion range, as Kowalsky 
has shown. The effeed of other additions has l)een investigated by Tauss 
and Gorlacher.^ Acc.ording to Semenoff, two influences play a part: In 
additions of inert gases (argon or nitrogen), there is a lowering of the 
upper pressure limit of oxygen only by means of the triple collision effect 
of the added gas. On the other hand, additions that are effective as 
“poisons'’ in small quantities, like ethylene and other olefins, iron 
carbonyl, etc., apparently react directly by the consumption of chain 
agents. These results all fit into Semenoff ’s equations (c/. also Melville ). 2 

The slow reaction below the lower explosion limit likewise seems to 
submit to the above laws. Melville and Ludlam® studied the (very slow) 
reaction below the lower pressure limit by introducing a heated platinum 
or tungsten wire into the gas. The reaction, which takes place with the 
platinum wire at 200°, is obviously only a surface reaction and hence of 
little interest. With tungsten, it takes place at 500° with a velocity 
convenient to observe. We find the same equation for the velocity as is 
valid for the lower explosion limit— proportionality with the square 
of the chamber diameter, corresponding dependence on the partial pres- 
sures of the individual gases, etc. The reaction is also connected with 
chemiluminescence of the gas, and it may therefore be assumed that the 

^ Tauss and Gorlacher, Z . anorg. CJiem.y 190 , 95 (1930). 

* Melville, H.W., Trans. Faraday Soc.j 28 , 1 (1932). 

* Melville, H.W., and E.B. Ludlam, Proc. Roy. Soc. LondoUy A, 136 , 315 ( 1932 ). 
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reaction chains are induced on the tungsten filament, proceed in the gas 
phase, and break at the wall. The velocity expression is 

- = Wo. (l + 

dt ^ \ PP4 + PO,/ 

where px is the pressure of the inert gas. The activation energy E was 
found to be 16 kcal. To which elementary process it belongs is not clear. 

5. The Combustion of Hydrogen Phosphide. — The combustion of PHa 
takes a course similar to that of phosphorus and likewise shows two 
explosion limits. The lower limit, however, other conditions being 
equal, is about 1000 times higher than for phosphorus. For the explosion 
limits, the equations are similar to those of phosphorus, and they can be 
formally derived in the same way, even though here too the exact nature 
of the chain agents and the elementary reactions is not precisely known. 
For details, the individual works should be consulted.^ Of the other 
explosions that show typical explosion limits as a result of chain-branch- 
ing, we shall mention only tlie combustion of sulphur, ^ the combustion 
of carbon disulphide,’* and the combustion of hydrogen sulphide,^ and the 
chlorine detonating gas explosion in light. ^ 

1 Dalton, R.H., and C.N. Hinshelwood, Proc. Roy. Soc. London, A, 125 , 294 
(1929). Dalton, R.H., Proc. Roy. Soc. London, A, 128 , 263 (1930). Hinshelwood, 
C.N., and K. Clusitjs, Proc. Roy. Soc. London, 129 , 589 (1930). Melville, H.W., 
and H.L. Roxbuegh, J. Chem. Phys., 2 , 739 (1934); Nature, 131 , 690 (1933). 
Trautz, M., and Gabler, Z. anorg. Chem., 180 , 321 (1929). Melville, H.W., 
Trans. Faraday Soc., 28 , 308 (1932); Proc. Roy. Soc. London, A, 138 , 374 (1932); 139 , 
541 (1933). Cf. also the discussion in N, SemenojEf, ^‘Chemical Kinetics and Chain 
Reactions,” and L.S. Kassel, ‘‘Kinetics.” 

* Norrish and Rideal, J. Chem. Soc., 123 , 3203 (1923). Neumann, K., Ber. deut. 
chem. Ges., 16 , 139 (1888). Watson, Chem. News, 108 , 787 (1913). Embl:6us, H.M., 
J. Chem. Soc., 1928, p. 1942. Semenoff, N., and Rjabinin, Z. physik. Chem., Sec. B, 
1 , 122 (1928). Ritchie, A., and E.B. Ludlam, Proc. Roy. Soc. London, A, 138 , 635 
(1932). 

8 Thompson, H.W., Z. physik. Chem., Sec. B, 10 , 273 (1930). J. physik. Chem., 
36 , 3639 (1931). Thompson, H.W., and C.F. Kearton, Z. physik. Chem., Sec. B, 
14 , 359 (1931). Taylor, PI. A., and E.M. Livingston, J. physik. Chem., 35 , 2676 
(1931). Thompson, H.W., and Kellard, J. Chem. Soc., 1931, p. 1809. Ritchie, A., 
R.H. Brown, and J.J. Muir, Proc. Roy. Soc. London, A, 137 , 511 (1932). Fowler, 
A., and W.M. Vaidya, Proc. Roy. Soc. London, A, 132 , 310 (1931). Gill, F., E.W. 
Mardles, and H.C. Tett, Trans. Faraday Soc., 24 , 574 (1928). Kondratjew, V., 
Z. Physik, 63 , 322 (1930). Prettre, M., and P. Laffpite, Compt. rend., 190 , 796 
(1930). For older works on CSa combustion, see Bone and Townend, “Flame and 
Combustion,” pp. 414^^. 

^ Farkas, L., Z. Elektrochem., 37 , 670 (1931). HaRTEck, P., and U. Kopsch, 
Z. physik. Chem., Sec. B, 12 , 327 (1931). Laffitte, P., and Baret, Bull. soc. chim., 
(4), 6 , 281 (1932). Leicester, F.D., J. Soc. Chem. Ind., 52 , Chem. Ind., 11 , 341 
(1933). 

* Kokotschaschwili, V., Z. physik. Chem., Sec. B, 28, 431 (1933). Cf. also 
Semenoff, N., Z. physik. Chem., Sec. B, 28, 43 (1935). 
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It might be mentioned that, in accounting for the upper explosion 
limits, another explanation was considered before it was generally 
assumed that a deactivation in the gas phase was the cause. That 
explanation concerned the action of the absorption layer, since, as can be 
shown directly in certain cases, the chains can also be induced at the wall 
(Haber, Alyea^. However, that explanation was generally abandoned 
after an explanation for the phenomena could be given by gas-phase 
deactivation in those cases for which quantitative measurements existed. 
Occasionally, nevertheless, such phenomena will also have to be borne in 
mind. 

>Alyea, H., and F. Habek, Z. phydk. Chem., Sec. B, 16, 193 (1930). Natur- 
vyissenschaften, 18, 44 (1930). Alyea, H., J. Am. Chem. Soc., 53, 1324 (1931). 



CHAPTER IX 


COMBUSTION OF OXYGEN-HYDROGEN MIXTURES AND 
CARBON MONOXIDE 

A. COMBUSTION OF OXYGEN-HYDROGEN MIXTURES^ 

The combustion of oxygen-hydrogen mixtures has naturally interested 
the chemist for a long time, and it is not surprising that the first investiga- 
tions in this field occurred more than 100 years ago. These experiments, 
however, were concerned chiefly with the catalytic reaction, which is 
interesting to be sure, but its treatment lies outside the range of this book. 
For these older investigations, we refer to Bone,^ Hinshelwood and 
Williamson,® or Mittasch.^ 

The first of modern investigations of the combustion of oxygen- 
hydrogen mixtures is that of Bodenstein.^ He investigated the con- 
version of flowing oxygen-hydrogen in porcelain tubes of various forms 
and various ratios of surfa(;e to volume. The reaction can be observed 
even at ^ 600° Avithout explosion. As a velocity equation under the 
special conditions, we obtain the simple time law of the third order 

= a-[Hj]2[02] 

which, hoAvever, is not always valid. Since it developed that, with 
various forms of containers, the reaction velocity essentially changed 
with the surface of the cfintainer, it folio vy^ed that also in this case the 
wall reaction generally predominated. For more recent investigations 
on calalytic oxidation, we refer to the books by Bone and Hinshelwood. 

Investigations mentioned in Chap. I (by Falk, Cassel, and Dixon) 
revealed that explosion in oxygen-hydrogen appears at ^ 500° to 600°C. 
Systematic investigations by Dixon and his collaborators also established 
the dependence of the ignition temperature on pressure as well as on the 
length of the induction periods that occur before ignition Avith knoAAm 

1 Cf. in this connection Kassel, L.S., Chem, Rev.y 21, 331 (1937). Lkavis and 
V. Elbe, ^‘Combustion, Flames and Explosions of Gases.” 

* Bone and Toaa^nend, “Flame and Combustion in Gases.” 

* Hinshelwood, C.N., and A.T. Williamson, “The Reaction between Hydrogen 
and Oxygen,” Oxford, 1934. 

* Mittasch, a., and Theis, E., “Von Davy u. Dobercincr bis Deacon: Ein halbes 
Jahrhundert Grenzflachenkatalyse,” Verlag Chemie, Berlin, 1932. 

*Bodenstein, M., Z. physik, Chem.y 29, 665 (1899), 
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composition End temperEture. The observEtions extend to induction 
periods between 0.5 End 15 sec. The lengthening of the induction 
period from the former to the latter value results in a lowering of the 
ignition temperature by 50°C. From experiments by Dixon, it may 
be concluded that we are dealing with chain-branching at least in a part 
of the range investigated; for the ignition temperature rises from 75 mm 
to about 1 atm of pressure, and it drops again only at still higher pres- 
sures, at first very slowly, which suggests that the transition to thermal 
explosion is gradually taking place. In the last 
decade, oxygen-hydrogen combustion has been 
the object of numerous studies. The explosion 
range has the typical form of chain explosion 
(Fig. 162). Since the position of the lower 
limit is very dependent on the dimensions of 
the chamber and the condition of the Avail, the 
values given in Fig. 162 can offer only a point 
of departure for normal conditions. We shall 
discuss details later. The slow reaction has 
been investigated both below the loAver and 
above the upper explosion limit. In both cases, 
rather complicated laws prevail (also the above- 
mentioned older works by Bodenstein belong to the range above the 
upper explosion limit). 

Greater strides have been made in the explanation of oxygen-hydrogen 
than in the explanation of the chain explosions discussed earlier, although 
by no means all the questions can be regarded as liaving been answered. 
That greater strides have been made is to be attributed not only to the 
great amount of work that AA^as done precisely on this reaction, but more 
especially to the fact that the in\^estigators Avere not content Avith gaining 
formal relations for explosions limits and reaction velocities outside 
these limits but obtained a direct insight into the elementary processes 
involved in conversion by the aid of spectroscopic and photochemical 
measurements as well as by experiments Avith free atoms and radicals. 
For somewhat more complicated reactions — lor liydrocarbon combustion, 
to be treated later, ev’^en more than for oxygen-hydrogen combustion — 
it is generally true that the formal Ieavs observed in kinetics do not 
suffice alone to select Avith certainty those of a lai’ge number of possible 
elementary processes which account for the real reaction mechanism. 
For an understanding of the total process, Ave shall therefore be com- 
pelled to discuss a portion of these spectroscopic, photochemical, ^tc., 
investigations. 

1. The Lower Explosion Limit— The lower limit of oxygen-hydrogen 
has often been investigated. The results of the various authors vary 
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considerably,, a fact that is to be expected, since the position of the 
lower Bnait iis largely determined by the nature of the wall. The experi- 
mental procedure is generally as follows: Premixed gases are introduced 
into the heated reaction container, and the minimum pressure at which 
they just ignite is observed. The appearance of ignition is not always 
easy to determine at the lower limit, either by the illumination of the 
gas or, and this is more certain, by the rise in pressure with a sufficiently 
sensitive manometer. Semenoff occasionally introduced the gases into 
the container at a point above the critical pressure limit and determined 
the remaining pressure of the reaction partner after the appearance of 
explosion. This method at first appears somewhat questionable, but 
no systematic variations from other experiments were noted. It is also 
possible to determine the explosion limit with gases flowing at low 
pressure. 

Hinshelwood and Moelwyn-Hughes^ found explosion limits for various 
container diameters d for mixtures consisting of 2 H 2 + O 2 at 500°C 
(see Table 45). The product pd is reasonably constant but with varia- 

Table 45 — Explosion Limits for Mixtures of 2 H 2 -f O 2 at 500°C and with 
Various Chamber Diameters d 


d, mrn 

p, mm lig 

pd 

54 

1.00 

57 

49 

0.91 

45 

32 

2.85 

91 

18 

3.04 

05 


tions up to 50 per cent of tlie averagci. Insofar as the reaction is espe- 
cially sensitive to the (HHiditioii of the wall, such groat variations are not 
surprising. In chain-breaking at the wall and constant composition of 
the mixture, constancy of the product pd at the limit is to be expected; 
for, if two types of chain agent are present of wdiich one reacts with 
H 2 and the other with O 2 , we can formally repeat the same computations 
that we made for phosphorus combustion (page 285) and thus reach the 
condition for explosion 

[OJIHJrf. j, + - con.. 


As long as no inert gas [X] is added and the mixture ratio [H 2 ] : [O 2 ] is kept 
constant, this leads to 

p2^2 _ const 


or 


pd = const 


( 1 ) 


^ Hinshelwood, C.N., and Moelwyn-Hughes, Proc. Roy. Soc. Londorij A, 138 , 
311 (1932). 



COMBUSTION OF OXYGEN -HYDROGEN MIXTURES 295 

If we kept the pressure of a component at a constant low value (as is 
the case in phosphorus combustion) and changed only the pressure of the 
others, we should have instead of (1) 

p(P = const (2) 

According to the conditions of experiment, therefore, it is possible to 
obtain both relations for the explosion limits. 

The position of the lower limit depends a great deal on the nature, 
of the wall. Thus the lower explosion limit at 500° in quartz and pyrex 
containers cleaned with distilled water showed pressures of a few mm Hg. 
Frost and Alyea^ found essentially higher limit pressures at the same 
temperature in pyrox containers that were washed out with a 10 per cent 
KCl solution; 15 to 20 mm Hg; and Semenowa reports^ that Kowalsky 
succeeded in obtaining, in vessels that had been subjected to an electrical 
discharge, pressure limits of only Jio those usually obtained, namely, 
of only a few tenths of a millimotc'r. The condition of the Avail can thus 
result in a change of the lower pn'ssure limit by almost JOO. 


Table 40. — Criticai. Expiosion I.imits of I\1ixtttres ok IT., -f Oo in Enameled 
Pyrmx Tubes of Various Diameters (From N. Skmknowa) 


d, mm 

t = 

1 = 4S2“C 

440“C 

P* 

pd 

pd 

P 

P 

pd 


5.8 

16 

93 

28 

360 

42 

244 

10.2 

10 

102 

18 

190 

28 

285 

15.7 

8 

325 

14 

220 

20 

314 

20.0 

6 

120 

30 

200 

35 

300 

30.0 

4 

120 

7 

210 

1 

10 

300 


* Pressure figures in scale divisions; 14 scale divisions •= 0.46 rnin Hg. 


If several successive experiments are conducted in the same new 
container, the pressure limit is lowered from experiment to experiment. 
All this was systematically studied by N. Semenowa.^ Slie used tubes 
consisting of especially enameled pyrex glass that yielded an extremely 
low and temporarily constant breaking probability, similar to the tubes 
that were subjected to an electrical discharge. With these, she obtained 
quite low explosion limits that could easily be reproduced. For observa- 
tion, she used an especially sensitive glass-membrane manometer. 
Numerical values from experiments with five containers of various 
diameters are given in Table 46; the product pd is quite constant. For 
these conditions of extremely small breaking probability, the relation 

^ Frost, A.A., and N.H. Alyea, J. Am. Chem. Soc., 56, 3227 (1933). 

* Semenowa, N., Acta Physicochim. URSS^ 6, 25 (1937). 
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requires a special discussion. The case of Kassel and Storch^ must be 
operative, in which diffusion no longer plays a role but the total number 
of chain-breakings is given by the number of impacts against the wall 
times the breaking probability per shock, 6, and the number of the branch- 
ings is proportional to the volume. The diameter of the container is 
preserved in the resulting relation because the ratio volume : surface is 
proportional to it. A relation of that kind is obtained only with very 
small values of e (about 10“^ or smaller, since it depends on the ratio of 
free length of path to the diameter of the container). For e to 

10"2, the conditions approaching c = 1 are not much changed under 
normal conditions (see Kassel and Storch as well as Lewis and v. Elbe, 
cited page 273). The reason might be that a particle that diffuses to 


Table 47. — Explosion Limits of 3II2 -f 2O2 Mixtures in Enameled Pyrex Tubes 
AND IN Quari'z Tubes in Dependence on Argon Additions (From Biron 

AND NaIJJANDJAN) 


t == 515°C 

t = 485‘’C 

PArgon 

pn2+02, Him Ilg 

7*Ar»;on 

Piij 4.02 mm Hg 



0.15 



0.23 

0.04 

0.15 

0.057 

0.228 

0.07 

0.14 

0.12 

0.24 

0.105 

0.145 

0.18 

0.23 

0.15 

0.15 

0.235 

0.235 


Table 48. — J-Ixplosion Limits of Table 47 in a Quartz CiiAArRER at 515°C 


Without rinsing with O 2 

. 1 

Aft(T rinsing with O 2 

PArgon 

P112+O2, mm Hg 

7 ^Ar(;on 

P112+02, mm Hg 



11.2 

— 

11.2 

8.5 

8.5 

8.23 

8 23 

14.5 

7.3 

13.9 

6.9 

20.5 

6.9 

19 2 

6.4 


the wall and has collided against it in general experiences a greater 
number of collisions with the wall until it again diffuses into the center. 
The breaking probability € therefore becomes decisive only when it is 
very small as compared with unity. 

Since diffusion no longer plays a role in case of extremely small 
breaking probabilities (the concentration of active particles practically 

1 Kassel, L.S., and H.H. Storch, J. A m. Chem, Soc., 67, 672 (1935) (c/. Lewis and 
V. Elbe, cited p. 273). 
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becomes constant in the entire volume), even the addition of foreign 
gas might no longer be of influence on the explosion limits under these 
conditions. This has been tested by Biron and Nalbandjan under 
conditions analogous to those in Semenowa^s experiments.^ In enameled 
pyrex tubes, the critical explosion pressure is actually independent of the 
addition of argon; whereas, in quartz tubes with high breaking proba- 
bility, the usually observed dependence on the presence of inert gases is 
present. This is apparent from the experiments in Tables 47 and 48. 
As has already been mentioned on page 273, the conditions in which 
6 < 1 can be treated quantitatively, as Kassel and Storch (cited page 
273) and Lewis and v. Elbe^ have shown. The difficulty in the applica- 
tion of the quantitative relations consists in the fact that e is in general 
unknown and that we must further take into account the possibility of a 
change of € from experiment to experiment. We shall therefore be able 
to content ourselves in most cases with semi quantitative relations and 
the use of formulas valid for the borderline cases Avith c not too small 
and very small. 

If no entities dependent on the temperature, except the branching 
probability, are contained in the expression for the lower limit, their 
activation heat would determine the position of the lower explosion 
limit (and also analogously, the upper) at various temperatures;® for, 
if we write the explosion condition in the form (c/. page 288) 

v8 = 1 

where v is the average chain length and 5 the probability of branching 
per chain link, and if we assume from earlier relations that v is propor- 
tional to and 8 proportional to we obtain as the condition 

of explosion 

p2^-E/iiT _ const 

p ^+E/2liT 

whereas with similar assumptions (cf. pages 276, 277, 300, 328) we should 
obtain for the upper explosion limit 

P 0-~E/KT 

Under these special assumptions, the temperature dependencies of the 
lower and upper explosion limits are coupled with one another, and the 
lower limit changes only half as much with the temperature as the upper, 
and in the opposite direction. 

^ Biron, A., and A. Nai^andjan, Acta Physicochim. URSSy 6, 43 (1937). 

* Lewis, B., and G. v. Elbe, J. Am. Chem. Soc.y 69, 970 (1937); also Combustion, 
Flame and Explosion of Gases." 

*Cf m this connection Sembnofp, Chemical Kinetics and Chain Reactions." 
8emenowa, quoted p. 295. 
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Table 49. — ^Lowbr Explosion Limit for Oxygen-hydrogen Mixtures (From 
Hinshelwood and Mqelwyn-Hughes) 


L^C 

650 

604 

550 

500 

0 , mm He 

2.99 

2.74 

2.75 

3.62 

Jr) ****** 



The experiments confirm this conclusion insofar as the lower limit 
is actually much less dependent on the temperature than the upper 
(c/. Fig. 162). However, in a quantitative respect there are great 
discrepancies between the findings of different authors. 

Hinshelwood (quoted pages 292, 294) finds the lower limit above 
550° practically independent of the temperature (Table 49). 

On the other hand, Semenoff, Sagulin, Kowalsky, and Kopp^ found 
a greater dependence on the temperature, although, to be sure, in the 
lower temperature range where the transition to the upper limit takes 
place, namely, 9 mm at 440°, 4.5 mm at 500°, and 3 mm at 550°. 
These values agree fairly well with comparable data obtained by Hinshel- 
wood. It is uncertain how much physical importance should be attrib- 
uted to the activation heat derived from this, E' = 14 kcal. It would 
fit very Avell with that found for the upper limit, E 22 to 26 kcal, if 
E' = }iE {cf. pages 297 and 300). 


Table 50 


piii , mni 

P02, mm 

P112P02 

3,12 

0.78 

2.43 

2.30 

1.15 

2.64 

1.65 

1.65 

2.72 

1.07 

2.14 

2.29 

0.86 

3.44 

2.96 


Table 51. — Lower lilxri.osioN Limit for II2 + O2 in Dependence on Helium 
AND Aroon Additions (From Hinshelwood and Moelwyn-Hughes) 


Helium 

Argon 

pile 

mni Tig 

Pa 

P 

0 

3.33 

0 

4.25 

5.45 

2.73 

2.90 

2.90 

8.70 

2.18 

4.41 

2.21 

0 

3.52 

6.72 

1.68 



6.51 

1.09 



0 

4.20 


^ Semenoff, Sagulin, Kowalsky, and Kopp, Z. phyaik. Chern., Sec. B, 6, 307 

(1930). 
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Semenowa, from her experiments, derives the activation heat for 
the lower limit as 11 kcal, which is in agreement with the foregoing. 
The discrepancies, especially from Hinshelwood’s experiments, are not to 
be taken seriously, considering the neglected factors as well as the 
fact that no account was taken of temperature dependence of the breaking 
yield at the wall (which is hardly capable of being verified). 

At constant temperature and given diameter of the container, the 
following should be valid for the explosion limit (c/. page 294) : 

PiijPos = const (3) 

This relation is in general confirmed by experiment, although, to be sure, 
with systematic variations that could really be expected, since in (3) 
the impact cross sections of H 2 and O 2 influencing the diffusion coefficient 
have not been taken into account, nor has it been considered that, at 
variously great absorption of H 2 and O 2 at the wall, the breaking proba- 
bility can have changed. In a tube with a diameter of 1 .8 cm at 550°, 
Hinshelwood found the values of pHj, P 02 and their products at the 
lower explosion limit as they are given in Table 50. 

Addition of inert gases lowers the lower explosion limit in the same 
way and according to the same formal law, as we have seen in phosphorus 
oxidation. At the limit, the following is valid: 

+ - const 

If the pressures are measured in mm Hg, the constant is ~ 10 for 550°C. 

Argon, corresponding to its greater impact cross section, reduces the 
explosion limit of H 2 + O 2 more than helium, as can be seen from 
Table 51. 

Tauzin^ has made very careful studies of the explosion limits, espe- 
cially for reaction containers of various sizes, for various gas mixtures, 
and in the presence of various amouiits of inert gases. Taiizin also 
points out the fact that, in determining ignition temperatures at atmos- 
pheric pressure, mistakes are often made because the gas is introduced 
into an evacuated, hot reaction container and ignition can actually 
take place while the gas is passing through the low-pressure explosion 
range. 

2. The Upper Explosion Limit. — The general position of the upper 
explosion limit for oxygen-hydrogen is clear from Fig. 1 62, page 293. The 
pressures above which explosion does not take place amount in order of 
magnitude to 100 mm Hg. Since the influence of the wall does not come 


^ Tauzin, P., Ann. phys., (11), 6, 575 (1936). 
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Table 62 . — Upfbb Explosion Limit for H* + O* (From Himbhelwooo and Grant)' 


t^C 

Aluminum 

container 

Quartz 

container 

Upper explosion 
limit, mm Hg 

579 

187 



565 

135 

158.5 

550 

101 

120 

535 

77 

88 

520 

58.5 

— 

518 

— 

64 

500 

37.5 

44 


» Grant, G.H., and C.N. IIinshelwood, Proc . Roy . Soc . London , A, 1S8, 29 (1933). 

into consideration, the values are easier to reproduce than those for the 
lower limit; cf. Table 52. 

The position of the upper limit is, as in other cases, conditioned by 
deactivation in the gas phase, and this deactivation, according to Hinshel- 
wood,^ is due to a triple collision process in the gas phase. The formal 
presentation by Hinshelwood has been attacked, to be sure, but it can 
be modified in such a manner that all the essential facts can be accounted 
for while the relations found by Hinshelwood are nevertheless retained.^ 
Hinshelwood’s (not entirely acceptable) derivation of the limit is as 
follows (c/. in this connection pages 323^.). Let X and Y be two kinds 
of particles (let us say, atoms and free radicals) at whose collision chain- 
branching can take place, insofar as the impact of a third molecule 
does not prevent this (in which manner is not stated). If v is the proba- 
bility of branching in a collision of X and Y and if Zna, Zo,, and Zm are the 
impact numbers of H 2 , O 2 , and compounded inert gas M with the collision 
complex then the condition should read: Branching number equals 
deactivation number 

vklX][Y] = ZumiYW + Zo.lX]\Y]m + Z,ilX][Y][M] ( 4 ) 
or, from this, 

,k - Zh,[H2] + Z 0 JO 2 ] + Zm[M] (5) 

This is in accord with the empirically determined explosion limit within 
the limits of error, if the branching probability, is assumed to be propor- 

1 Grant, G.H., and C.N. Hinshelwood, Proc, Roy. Soc. London^ A, 141 , 29 
(1933). Cf. also Hinshelwood and Williamson, quoted p. 290. 

* Cf. Kassel, L.S., and H.H. Storch, J. Am. Chem. Soc.^ 67 , 672 (1935). Kassel, 
L.S., Chem. Rev., 21 , 331 (1937). Lewis, B., and G. v. Elbe, J. Am. Chem. 
Soc., 69 , 656 (1937); as well as “Combustion, Flames and Explosions of Gases.” 
Further, Jost, W., andL. v. MOfiling, Z. physik. Chem., Sec, A, 183 , 43 (1938). 
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tional to where ^ 24 to 26 kcal (c/. page 298 ) . The derivation 

(and the conception underlying it) is incorrect to the extent that in 
reality no chain break has been introduced (c/, pages 327 ff,). The 
effectiveness of H2 and O2 is found to be about proportional to their 
number of impacts. For Zm/Zo,, Hinshelwood computes ^ 0 . 34 , and 

0.33 is found for Zhs/Zoj from the empirical relation 

Ph2 = const — O.33P0, 

which gives the position of the limit for various mixtures (without 
inert gas). We shall have to be cautious, to be sure, in concluding that 
this agreement proves the correctness of the underlying idea; for, besides 
the impact number, in deactivation in a triple collision the specific 
effectiveness of the individual gas and perhaps the probability of an 
energy absorption in the impact will play a role, and this could again 
completely destroy the agreement that had been found. 

For similar reasons, the change of the position of the explosion limit 
found by Frost and Alyea^ as well as by Hinshelwood, Williamson, and 
Wolfenden^ cannot be considered as absolute proof for the underlying 
idea, nor can the change of the reaction velocity above this limit be so 
considered when H2 is replaced by D2. These investigators found the 
following: The upper limit, when D2 is substituted for H2, is moved in 
the direction of higher pressures, and thus the explosion range is widened 
in a manner that can be computed in advance from the difference of the 
impact numbers for H2 or D2 as triple collision partners as l:l/\/2). 
Correspondingly, the velocity above the upper limit is reduced by about 
l/-\/2 of the value for H2. The results could be understood only if 
the changed impact number appeared at a single location while all the 
rest of the impact numbers and activation heats remained unchanged. 
It is therefore probable that chance compensations of individual entities 
play a role, a fact that naturally reduces the value of the experiments as 
proof. 

Experiments on the influence of surfaces on ignition within the range 
of explosion are of basic importance. At normal pressures 1 atm)^ 
two crossed currents of H2 and O2 heated to 560 °C or above ignite even 
without the presence of a surface (Goldmann^). If the gases meet at 
520 *^, however, and at pressures that are low but still within the range 
of explosion (^ 20 to 100 mm), no ignition takes place without a wall 
(Haber and Alyea).^ If a quartz rod (or one of glass, porcelain, copper, 

1 Frost, A. A., and H.N. Alyea, J, Am, Chem. Soc., 66, 1251 (1934). 

2 Hinshelwood, C.N., A.T. Williamson, and J.II. Wolfenden, NaturCj 133 , 
836 (1934). 

® Goldmann, F., Z. physik. Chem.j Sec. B, 6, 316 (1929). 

♦Haber, F., and H.N. Alyea, Z. physik. Cham.^ Sec. B, 10 , 193 (1930). Alyea, 
H.N., J. Am. Chem. Soc., 63, 1324 (1931). 
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or iron) that has been heated to the same temperature is introduced 
at the point of crossing, then ignition takes place, although not with a 
surface consisting of aluminum. [An objection that can be raised to 
these experiments is mentioned by Hinshelwood and Williamson: The 
explosion requires a certain time for its development even within the 
range of explosion, as is generally to be expected theoretically and has 
also been demonstrated directly by Kowalsky (cf. page 305), and this 
time might be sufficient in the experiments with crossed gas currents. 
Contrasted with this, it can be said that it would not then be possible 
to understand at all how ignition takes place with the quartz rod.] 
The usual explanation for these experiments is therefore to be preferred: 
In the explosion condition, the number of the initial centers does not, to 
be sure, appear; for, by means of chain-branching, an explosion can 
develop from almost any small number of originally present centers. 
If no centers are present at all, however, tlie system is in a metastable 
condition,^ which can be abolished by introducing a few initial centers. 
In a system that is left to itself sufficiently long, such centers would of 
course finally form even without the influence of the Avail, ''flho above 
experinnuits krad to the conclusion, then, that at least under certain 
experimcnital conditions the reaction chains go out from tlie Avail. If 
the reaction velocity is inhibited by Avails of various kinds, c.g,, by coating 
the wall with KCl (Pease^), an influence on the chain induction and not 
only on chain-brciaking could be of importance, a fact that LeAAUs and 
V. Elbe,^ among others, pointed out. 

Hinshebvood'^ and his collaborators also found a divfinitc inhibition 
of low-pressure explosions by means of Avater vapor; e,g.j 10 mm H 2 O sup- 
presses it completely. Water vapor also inhibits the Avail reaction at 
low temperatures. We therefore do justice to all the experiments if 
we assume that at low temperatures, to ^ 5-10°, the chains procec^d from 
the Avail, whereas at higher temperatures the induction in the gas phase 
predominates more and more. This also probably explains the observa- 
tions that yielded a difference in the ciitical explosion pressures at the 
upper limit, according to Avhether II 2 or O 2 Avas first introduced into the 
reaction cdiamber. 

The position of the upper explosion limit is — in addition to the 
effect of inert gases already discussed — considerably influenced by 
various additions capable of inducing or breaking chains. Nitrogen 
dioxide, for instance, added in small quantities (3^ 00 cent) eiffects 

1 Hadman, Thompson, and C.N. Hinshelavood, Proc. Roy. Soc. London, A, 138, 
297 (1932). 

2 Pease, R.N., J. Am. Chem. Soc., 62, 5106 (1930). 

®Lea\ is, B., and G. v. Ei^e, J. Am. Chem. Soc., 69, 656 (1937). 

^ Garstang, W.L., and C.N. Hinshelwood, Proc. Roy. Soc. London, A, 130, 646 
(1931). 
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a widening of the explosion limits. Dixon had already noted this. 
Systematic experiments of a more recent date are those of Hinshelwood,^ 
as well as Norrish^ and their associates. According to them, small 
additions of NO 2 have a favorable effect on explosion. In an experiment 
by Hinshelwood, for example, in which 200 mm H 2 and 100 mm O 2 had 
reached 400° (in other w’ords, below the lowest explosion temperature, 
which was about 440°), these gases ignited when only 0.083 mm NO 2 was 
added, whereas a very slow reaction resulted vdth an addition of only 
0.076 mm. Larger additions of NO 2 have the reversed effect; they 
retard explosion. It is therefore necessary to attribute to NO 2 both 
chain-inducing and chain-breaking properties. We shall come back 
to this question when discussing the reaction mechanism (page 329). 

A decidedly inhibiting effect is produced by the addition of halides.® 
Bromine and iodine can suppi*ess low-pressure explosion in concentrations 
of ^ 1 per hundred, whereas chlorine is less effective. Atomic oxygen or 
hydrogen aids explosion considerably, which is to be expected but 
nevertheless requires special discussion, since the concentration of the 
initial centers does not appear in the formal explosion condition, accord- 
ing to Semenoff (however, cf, page 280). Haber and Oppenheimer^ 
were able to ignite oxygen-hydrogen at temperatures below the upper 
explosion limit if they mixed it mth atomic hydrogen that was produced 
by a spark in hydrogen atmosphere. The partial pressure of the atomic 
H in 100 mm H 2 was about 2.5 • 10“'* mm. Their experiments are 
reproduced in Fig. 163, according to Semenoff. With increasing pressure, 
the ignition temperature is constantly reduced till below 300°C, and 
an upper explosion limit is no longer observed. Semenoff (“Chemical 
Kinetics and Chain Reactions”) raises the objection that, in the experi- 
ments of Haber and Oppenheimer, the content of atomic hydrogen was 
probably approximately proportional to that of molecular hydrogen, 
since it was produced by spark conduction through the hydrogen. It 
could therefore be suspected that, if the H-atom concentration were 
kept constant, an explosion limit would be found, as is indicated by 
the dashed line in Fig. 163. Semenoff and his associates^ undertook an 
investigation of the situation by attempting to keep the H-atom con- 
centration constant. They therefore proceeded in the following manner: 

1 Gibsox, C.H., and C.N. Hinshelwood, Trans. Faraday Soc., 24, 559 (1928). 
Thompson, II. W., and C.N. Hinshelwood, Proc. Roy. Soc. Londony A, 122, 610 (1929); 
124, 219 ( 1929 ). 

* Griffiths and R.G. W. Norrish, Proc. Roy. Soc. London, A, 137, 147 (1933). 

» Garstang and C.N. Hinshelwood, Proc. Roy. Soc. London, A, 130, 640 (1931); 
Z. physik. Chem.j 1931, Bodenstein-Festband, p. 656. 

* Haber, F., and F. Oppenheimer, Z. physik. Chem., Sec. B, 16, 443 (1932). 

® Dubowitsky, F., a. Nalbandjan, and N. Semenoff, Trans. Faraday Soc., 29 , 
606 (1933). 
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In a detonation tube, the middle portion of which was heated, atomic 
hydrogen was produced in a concentration of ^ 60 per cent at a constant 
H 2 pressure of 0.1 mm. Then the discharge was switched off and an 
oxygen-hydrogen mixture of predetermined pressure was introduced 
suddenly, and it was noted at what temperatures and pressures explosion 
took place. The results confirmed the expectations. An explosion 
range of the same form as without atomic hydrogen was obtained but 
with considerably widened limits. Then a series of experiments was 
performed with various current intensities in the tube for producing 




Fig. 163. — 1. Normal explosion range of Fig. 1()4. — 1. Explosion range for 

2 H 2 -f- O 2 . iFrom Ilahcr and Oppemheirner.) 2 H 2 +O 2 , vvitliout atomi(4iydrogcn. 2. With 
2. The same in the presence of H-atoiiis. 3. atomic hydi ogen from a discharge of 0.25 
Probable course with constant H-atom amp. 3. 0.35 amp. 4. 0.5 amp. {From 
concentration. {From Semenoff, p. 294.) Dubowilzky, Nalbandjan and Semenoff.^) 

atomic hydrogen, and, as expected, it was found that the limits were 
widened as the intensity of the current increased. Tlie results are given 
in Fig. 104, according to Semen off. It should bo noted that an upper 
explosion limit exists even at the highest current intensity. 

The effect of oxygen atoms is still more decided. Nalbandjan^ 
(like Haber and Oppenheimer in the case of atomic hydrogen) found no 
upper explosion limit at all in this case. 

Photochemically, oxygen-hydrogen explosion could be induced by an 
addition of 0.6 per cent of NH3 and by illumination with ultraviolet 
light (Haber, Farkas, and Harteck®). Probably the atomic hydrogen 
formed by this process is responsible for inducing the explosion. Salley 
and Taylor^ found, to be sure, that the NHs-sensitized light reaction cf 

1 Dubowitzky, F., a. Nalbandjan, and N. Semenoff, Trans. Faraday Soc., 29 
606 (1933). 

* Nat.bandjan, a., Phys. Z. Sovet, 4 , 747 (1933). 

* Haber, F., Farkas, and P. Harteck, Naturvdssenschafien, 18 , 266 (1930). 

* Taylor, H.S., and D.J. Salley, J Am. Chem. Soc., 56 , 96 (1933). 
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H2 + O2 takes a different course from the Hg-sensitized reaction, and 
they concluded from this that, in the presence of ammonia, the H-atoms 
are not alone responsible. How correct this conclusion is must for the 
time being remain an open question. In the NHs-sensitized photo- 
reaction, explosion takes place after induction periods of from 30 to 
40 sec after illumination, insofar as the pressure is over 300 mm and the 
temperature over 415°C. The explosion of oxygen-hydrogen can be 
induced by ammonia also without illumination.^ If 1 to 2 mm of NH3 
are added to oxygen-hydrogen at 500°, an accelerated reaction that results 
in explosion takes place after several minutes. 

A remarkable observation was made by Haber, Farkas, and Harteck.^ 
At 300 mm pressure, the ignition temperature is about 550°. If, how- 



Fio. 165. — Reaction of 2 H 2 + O 2 at 485®C (pressure changes as a measure of conver- 
sion), at initial pressures of (1) 8.2 mm, (2) 7.8 mm, (3) 7.4 mm, (4) 7.1 mm, (5) 6.8 mm, 
(6) 6.4 mm, (7) 6.1 mm, (8) 6.8 mm. {From KowaUky.) 

ever, an explosion is induced in such a mixture at 420° by means of a 
spark, and if the chamber is pumped out and is again filled with oxygen- 
hydrogem at the same pressure, spontaneous explosion takes place at 
420°, although several minutes have elapsed between the two explosions. 

The time development of the reaction below the lower explosion 
limit and in the explosion range has been studied by Kowalsky® by means 
of pressure recordings with a sensitive manometer. In Fig. 165, a 
number of curves are reproduced from Semenoff. They show the con- 
version in time (expressed by pressure rise) for a series of oxygen-hydrogen 
mixtures at pressures above the lower explosion limit. The explosion 
limit at the experimental temperature of 485°C is found to be at 4.5 mm. 
The pressure range extends from 5.8 to 8.2 mm. For the initial stage, 
the relation derived by Semenoff holds: Ap e^K 

1 Hinshelwood, C.N., and A.T. Williamson, quoted p. 292. Williamson, 
A.T., and Pickles, Trans, Faraday Soc.j 30, 926 (1934). 

* Haber, F., Farkas, and P. Hartkck, Z. Elektrochem.^ 36, 711 (1930). 

' * Kowalsky, a., Phys, Z. Socet, 1, 595 (1932); 4, 723 (1933). 
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Induction periods for oxygen-hydrogen ignition in the neighborhood 
of the explosion limits and in the interior of the explosion range have 
been measured by Stem, Kravetz, and Sokolik.^ The remarkable 
result of these investigations is that the induction period within the 
explosion range is independent of the temperature. 

Tauzin^ has attempted to determine by means of photographic 
recording of the spread of the flame in low-pressure explosions whether 
ignition proceeds from the wall or not. The recordings show practically 
simultaneous ignition in the entire volume. If it were assumed that 
ignition began at the wall, a velocity of ^ ^ 1000 m/sec W'ould have to 
be assumed for its spread. 

Tauzin also gives very careful results for the position of the upper 
explosion limit for greatly varying experimental conditions. 

For experiments on the third explosion limit of oxygen-hydrogen 
that probably represent the transition to purely chemical ignition, 
although chain-branching might play a role, see Oldcnberg.® 

3. Reaction outside the Explosion Limits. — ^Above the upper explo- 
sion limit, the reaction is at first quite slow and clearly a wall reaction to a 
considerable extent. To be sure, the reaction in immediate proximity 
to the upper limit has hardly been investigated. At 550°C, the upper 
limit is at about 100 mm Hg. At 540°, the reaction between 50 mm 
O 2 and 100 mm H 2 in a quartz chamber 250 cm® in volume was 
observed from the change in pressure by Hinshelwood^ and his associates. 
Here the reaction velocity is very small. The reaction is of a high order 
and in addition rises with the temperature till about the fourth order. 
In a porcelain chamber at 569°, the reaction Avas about of the third 
order wdth respect to hydrogen and between the first and second order 
with respect to oxygen. In a quartz chamber, the velocity at 549° 
was somewhat more than proportional to the square of the H 2 concentra- 
tion and the first power of the O 2 concentration. The reaction takes 
an auto-catalytic course, the velocity increases to the extent that AA^ater 
vapor increases, and the surface reaction at Ioav temperatures is inhibited 
by water vapor. The auto-catalytic reaction above the upper explosion 
limit has been studied recently in greater detail by Chirkov. ® He Avorked 
with a reaction chamber of Durobax glass with a diameter of 5 cm and 
200 to 200 cm® of volume. In an experiment that was conducted at 
550 mm initial pressure and 524°C, the reaction velocity, determined 

1 Sterit, W., B. Kravetz, and A. Sokolik, Acta Physicochim. URSS, 8 , 461 (1938). 

* Tauzin, P., quoted p. 299. 

» Oldenbero, O., and H.S. Sommers, J. Chem. Phys., 7, 279 (1939). 

^ Hinshelwood and Williamson, quoted p. 292. IIinshelwood and Thompson, 
Proc. Roy. Soc. London^ A, 118 , 170 (1928). Gibson and Hinshelwood, Proc. Roy. 
Soc. London^ A, 119 , 591 (1928). 

» Chirkov, N., Acta Physicochim. URSS, 6, 915 (1937). 
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from the decrease in pressure, showed the typical auto-cataljdic course 
(Fig. 166a). The reaction velocity w can be given by the following 



Fig. l()6a. Keaction velocity w of 2 II 2 + O 2 at an initial pressuie of 550 inin and at 524®C, 
as the function of the quantity of water formed z. {From Chirkov.'^) 

equation if p is the initial pressure and x the converted mass ( = amount 
of water formed) : 

w = kx(p — 0 -)“ (h) 

At 524°C, for example, k = 2.9 • 10“^ if p and x are expressed in mm 
and the time in seconds. At 


constant temperatures, k is con- 
stant. An experiment conducted 
at 493 °C and 402 mm pressure 
with an addition of 130 mm of 
water vapor is very illuminating. 
In Fig. 1006, the result of this 
experiment is graphically pre- 
sented. In addition, the reaction 
velocity is plotted that would 
result according to (6) in an ex- 
periment in which the added 
water was present as 2 H 2 + O 2 . 
Essentially, the reaction velocity 


mm/seli 



Fig. 1GC6. — Reactio’ri of 2 H 2 -f O 2 with 
added water vapor— % — velocity variations 
which would have resulted if the water had 
been present as 2112 -}- O 2 . {From Chirkov.^) 


found with the addition of water corresponds to the values computed 


' Chirkov, N., Acta Phyaicochim.f 6, 915 (1937). 
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for the point of time when exactly the same quantity of water has 
been formed in the course of the reaction. This quantity is not 
accepted immediately, however, but rather after a certain induction 
period which is short compared with the time that is generally necessary 
for the auto-catalytic start of the reaction, namely, ^ 170 sec. The 
temperature dependence of the reaction velocity corresponds to an 
apparent activation heat of ^ 75 kcal. 

The above equation is not valid for all mixtures. At low hydrogen 
partial pressures, the time law analogous to (G) is, to be sure, still found 
to hold 

w = kx{p — xy (7) 

where p, however, is now the initial partial pressure of the hydrogen 
Table 53. — 200 Mm Hi + 100 Mm O 2 at 559°C 


N 2 

Velocity (Relative) 

0 

1 

100 

2.23 

200 

3.64 

300 

4.61 

500 

10.4 


and X its decrease ( = water formed) ; hence 

w = A-'[H 20 ][H 2]2 

Here /r' is not constant in mixtures with a great deal of oxygen but is 
rather given by 



Hinshelwood^ points out that the effect of water vapor does not 
always have a specific chemical cause but rather that added inert gases 
likewise accelerate reaction. The influence of inert gas does not always 
proceed linearly with the pressure, but it can be represented sufficiently 
exactly by a linear relation up to 400 mm. The effectiveness of various 
additions is, according to Hinshelwood, given in the following ratio: 

HciNaiAiHzO = 1:3:4:5 (8) 

The addition of nitrogen is just about as effective as a corresponding 
increase of the O 2 concentration. In an experiment, the following was 
obtained (c/. Table 53), for instance. 

An explanation of the water effect as an analogous inert gas influence 
would mean that H 2 O as an inert gas must be much more effective than 

1 Hinshelwood and Williamson, quoted p. 292. The experiments of Chirkov 
are, however, not to be interpreted in this way. Cf. Prettre’s experiments on the 
condition of the wall, pp. 310^. 
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the reaction partners themselves. Even with this, however, the findings 
of Chirkov could hardly be explained. A decision on the H 2 O effect does 
not seem possible without further experiments. Probably a special 
wall influence plays a role in Chirkov's case, and this seems almost 
certainly indicated by the experiments of Prettre discussed below 
(pages 360/.). 

The influence of inert gas apparently rests on an inhibition of the 
diffusion of chain agents to the wall. This is proved by Hinshelwood's 
experiments with packed and unpacked chambers as well as by variation 
of the diameter of the chamber. The reaction velocity in an empty 
quartz chamber of 301 cm^ volume and 256 cm^ surface, and that in a 
corresponding chamber that was packed with 17 quartz tubes 1 cm in 
diameter, so that it had a free volume of 230 cm® and a surface of 1245 
cm^, were in the ratio of 17.9:1, with stoichiometric oxygen-hydrogen 
at 550°C and 600 mm in the ratio 12.6: 1 ; and at 300 mm. 

In changing the diameter of the chamber, it is difficult to obtain 
reliable (luantitative values, since the nature of the wall is generally 
simultaneously changed. If this element of uncertainty is taken into 
account, the experiments of Hinshelwood and his associates yield a 
fairly good proportionality with the square of the diameter, as could be 
expected in the case of a chain reaction with chain-breaking at the wall. 
In a mixture of 2 H 2 + O 2 at 560®C and initial pressures of 600 and 
300 mm, the velocities were observed as shown in Table 54. A velocity 


Table 54 


Diameter of the container, mm 

17 

32 

50 

77 

Velocity w at po = 000 mm 

0.85 

3.49 

9.35 

33.8 

Velocity w at po = 300 mm 

0.18 

0.50 

0.94 

3.45 

W^ao/d" 

0.0030 

0.0034 

0.0030 

0.0057 

tv 300 /d^ 

0.0000 

0 . 0005 

0.0003 

0.0000 



proportional to d- which at the same time depends on the presence of 
inert gases in the manner indicated can easily be derived for a chain 
reaction with chain-breaking at the wall. Plven so, the findings are 
very peculiar, for we should expect such a reaction with chain-breaking 
at the wall at the lowest pressures below the lower explosion limit, 
insofar as a pure wall reaction docs not predominate. If the lower 
limit is then passed and the upper explosion limit is approached, chain- 
breaking in the gas phase must of course more and more predominate and 
finally be practically alone determining. At least just above the upper 
limit, where unfortunately no experiments have been made, we should 
expect that a gas-phase deactivation would be determining. If, instead, 
we find that at still higher pressures chain-breaking at the wall deter- 




310 EXPLOSION AND COMBUSTION PROCESSES IN GASES 


mines the velocity, then this fact is at least very surprising and suggests 
that an entirely different reaction mechanism is determining above the 
upper limit from that below and at this limit. 

Still another remarkable observation by Hinshelwood and his asso- 
ciates must be mentioned here.^ In a silver chamber, the reaction 
of a high order usually observed between 540° and 600° is almost wholly 
suppressed. Added gases are without any influence, nor can the reaction 
be induced by introducing a quartz rod into the reaction chamber. Thus 
contradictions result if we assume either that the silver tends greatly 
to break chains or that it does not induce chains. In experiments with 
flowing oxygen-hydrogen ( 2 H 2 + O 2 ) at 520° to 550°C, Pease^ found the 
reaction very sensitive to the nature of the surface. The reaction 
velocity was the greatest when the reaction chamber had been washed 
with nitric acid and rinsed with distilled water. On the other hand, the 
reaction velocity was considerably decreased when the chamber was 
washed out with a potassium chloride solution. In the chambers treated 
with nitric acid, up to one molecule of H 2 O 2 was found to four molecules 
of water formed; whereas, in the chambers coated with KCl, no peroxide 
appeared. According to unpublished experiments of Hinshelwood^s, 
such an effect of KCl was not observable under the conditions of most of 
his experiments in quartz chambers.® According to Lewis and v. 
Elbe (quoted page 300), this is supported by the fact that KCl inhibits 
the reaction under conditions in which the chain induction takes place 
at the wall but not under conditions in which the chains begin in the gas 
phase. Moreover, KCl destroys peroxidic substances. 

Important disclosures on the effect of the wall above the upper explo- 
sion limit have been furnished by experiments by Prettre.^ Between 
540° and 580°C at pressures between 300 and 700 mm Hg in a pyrex 
chamber coated with KCl, he found a velocity equation 

u; = /r[H2]102]pe“»^ooo/7eT 

which differentiates itself from the expression of the third order found 
by Bodenstein (quoted page 289) for heterogeneous reactions only by the 
additional factor p. The reaction can proceed fifty times more slowly 
than without KCl coating. Figure 167 shows the reaction velocities 
found in experiments with pure pyrex glass as well as with walls coated 
with KCl. The reaction chamber had a diameter of 6 cm and was 12 cm 
in length. The experiments were carried out at about 550° with a 
mixture of 2 H 2 + O 2 at the following pressures: 

^ Moelwyn-Hughbs, Rolfe, and Hinshelwood, Proc. Roy. Soc. London^ A, 
130, 521 (1933). See also Hinshelwood and Williamson, quoted p. 294. 

* Pease, R.N., J, Am. Chem. Soc.^ 62, 5106 (1930). 

* Hinshelwood and Williamson, quoted p. 294. 

* Prettre, M., J, chim. phys., 33, 189 (1936); Compt. rend.^ 201, 728, 962 (1935). 
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Without KCl 

With KCl 


5 

4 

9 


3 

36 

37 

41 

38 


636 

546 

418 

625 

371 

648 

533 

423 

328 


Reproducible measurements can be obtained only if the absorbed gases 
(water vapor and hydrogen) are removed between experiments by careful 
pumping. For walls coated with KCl, 15 to 20 hr of pumping after 
rinsing with oxygen are necessary. For uncoated glass walls, this does 
not suffice, since such walls tenaciously hold considerable quantities 
of H 2 O and H 2 . For pure glass walls, the curves often show an auto- 



/Uinsatz = conversion \ 

I ukiivea = active j 

Vdesaktiviertes = deactivated/ 

Fig. 167. — Reaction of 2H2 + O 2 in Pyrex glass with and without KCl coating at 550®C. 
Compare the text. {From Prettre, p. 306.) 

catalytic character (as in Chirkov’s experiments, page 307). For walls 
coated with salt, an induction period is always present that is over by 
the time 10 per cent has reacted. As a velocity expression up to the 
immediate proximity of the explosion limit (above 570°), we obtain the 
equation given above with an apparent activation energy of about 95 kcal. 
The addition of nitrogen or argon, as in Hinshelwood’s experiments, 
accelerates the reaction considerably, a sign that we are dealing with a 
gas reaction with chain-breaking at the wall. 

Prettre’s observations on the condition of the wall as well as on its 
effect on the reaction are most interesting. Pyrex and quartz glass 
absorb^ great quantities of hydrogen between 450° and 600°C, and after 
some 10 hr no equilibrium is as yet established. It is clearly a case of 


^ C/. Williamson, J. Am. Chem. Soc.j 66, 1437 (1933). 
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activated absorption^ since the absorbed quantity increases with the 
temperature. It increases with the pressure according to a Langmuir 
isotherm. Prettre determined the absorption velocity of hydrogen to 
pyrex (a container with a volume of 135 cm® and a surface of 2035 cm® 
filled with pieces of glass) (Table 55). 

At 580°C, the 2035 cm® of surface absorbed over 10 cm® of H 2 in 
20 hr at a pressure of 400 mm (or to 0° and 760 mm) without reaching 
equilibrium. That would correspond to a coating of about 100 layers of 


Table 55. — Adsorption Velocity or H2 to Pykex at Various Temperatures and 
Pressures between 250 and 350 Mm IIg 


Temperature,® ?ibs 

Initial pressure, mm Hr 

813 

360. 3 j 

832 

357.4 

853 

375.5 

(.Fange in pressure 

Time required for this 

(corresponding to 580°! 0, mm 1 

decrease in pressure* 

350-340 

W 

8' 

3'45'' 

350-330 

41' 

21' 

10' 

350-250 

210' 

108' 

53' 


Activation energy, 

kcal 

350-340 

49.0 

50 

.9 

350-330 

47.3 

49 

.8 

350-250 

47.0 

47 

.8 


molecules. If we do not Avish to assume that the effective surface is 
extraordinarily large, iho only possibility that remains is to assume a 
regular adsorption of the hydrogen with diffusion into the interior of 
the glass, and this is quite in accord with other experiences.® The 
adsorption velocity is mucli smaller if the wall is coated witli KC^l, but it 
is nevertheless noticeable. Water vapor is likewise vigorously adsorbed 
between 500° and 600° (by means of special experiments, it was deter- 
mined that this effect is not produced by the condensation of w'ater vapor 
outside the hot reaction chamber), and it is adsorbed Avith a greater 
velocity than hydrogen. Surfaces coated Avith KCl also adsorb Avater 
vapor, but more slowly. 

Oxygen is practically not adsorbed betAA^een 500° and 600°C. 

The varying adsorption condition is of extraordinary influence on the 
reaction velocity. Figure 168 shoAVS the results of the velocity measure- 
ment in a quartz container (of 149 cfti® volume, packed with pieces of 

1 Taylor, II.S., J. Am. Chem. Soc., 63 , 578 (1931). 

* For diffusion in solids, rf. W. .lost, “Diffusion und chcmische Reaktion in festen 
Stoffen,” Theodor Steinkopff, Dresden, 1937. 
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qiis^rtz with & total surface of 1015 cm^). In this case^ we are not yet 
dealing with the pure wall reaction that takes place with essentially 
denser packing but with much smaller reaction velocity. The experi- 
ments are conducted with 2 H 2 + O 2 , 600 mm Hg, and 540®C. The 
pressure changes are plotted as a measurement of the velocity. Curve 0 
refers to the first exj)erimcnt without previous adsorption of water. 
The succeeding curves 7, 9, 8, and 5 refer to experiments that were 
carried out under otherwise equal conditions and in which increasing 
quantities of water were adsorbed, corresponding to a decrease in pressure 



mm 

Fig. 168. — Reaction of 2 H 2 + O 2 Tvnth 600 mm Hg and 540°C in a packed quartz 
container, and with various quantities of absorbed water. Compare the text. {From 
Prettre, p. 306.) 


of 5, 9, 23, and 70 mm, respectively. After adsorption, the chamber 
was rapidly pumped out, whereupon first O 2 and then H 2 were introduced 
for an experiment. Desorption takes place too slowly to make the inert 
gas effect of desorbed water responsible for the considerable reaction 
accelerati on observed . 

Experiments were also carried out with adsorbed H 2 , but because 
of the smaller reaction velocity they were made at 550®C (Fig. 169). 
Experiment 10 was made under conditions similar to those of experiment 
0, i.e., with as little adsorption as possible. The following experiments 
13, 16, 12, and 14 were made with H 2 adsorption corresponding to a 
decrease in pressure of 4, 15, 39, and 44 mm Hg. Hydrogen adsorption 
has exactly the reverse effect of that produced by water vapor; in other 
words, it has a strong reaction-inhibiting effect, while, remarkably 
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enough, the induction period is suppressed. In the very first stage, 
adsorbed H 2 therefore accelerates the reaction. In spite of all this, 
however, the character of the conversion is preserved as a chain reaction 
taking place in the gas phase. 

Prettre^ also conducted experiments in an empty pyrex chamber 
and in one filled with glass tubes, with and without KCl coating of the 
wall. The volume and the surface in the empty chamber were 265 cm* 
and 281 cm^; in the packed chamber, they were 177 cm* and 1298 cm^. 
At about 550°C, the coating of the surface with KCl reduced the reaction 
velocity up to iu the packed chamber (in which the reaction 



Fiq. 169. — Reaction of 2 H 2 + O 2 , as above; however, in the presence of adsorbed hydrogen 

at 55()®C. {From PreUre.) 

velocity was reduced to about 3^o from the start), it reduced it to only 
about } 4 - Prettre concluded from these rcvsults that KCl does not 
promote chain-breaking at the wall but rather decreases the induction. 
Considering the findings of Lewis and v. Elbe as well as Kassel and 
Storch (see page 296), this does not sound convincing. It is unfortunate 
that the same experiments were not carried out with and without the 
addition of inert gas. In any case, however, the experiments clearly 
show the influence of the condition of the wall and that the order in 
which the gases are introduced into the chamber can be of importance 
for the reaction. 

4. Experiments with Free Atoms and Radicals. — The experimental 
findings in the reaction of O 2 with H 2 on the position of the explosion 
limits and on the influence of the wall, of inert gases, and of certain 
additions effective in small quantities, like NO 2 or I 2 , show mth certainty 
that we are dealing with a chain reaction and with explosion by chain- 

^ Prettre, M., M4m. poudres, 26, 239 (1935). 
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branching. In general^ the participation of stimulated, energy-rich 
molecules is less likely in chain reactions than that of free atoms and 
radicals, for a stimulated molecule again loses its stimulus energy very 
rapidly by collisions with other molecules. If active particles come into 
play that possess a longer life (especially if they occur in concentrations 
that are above those of thermal equilibrium with unstimulated particles) 
and are preserved by the liberated reaction energy, then almost only free 
atoms and radicals come into consideration. Their life span is so 
relatively great because they can disappear only if they collide with 
another such particle, and because even then a triple collision is generally 
necessary for their destruction. For these reasons, w’^e are led to assume 
the participation of atoms and radicals in the reaction. Added to this 
is the fact that we can prove the presence of OH-radicals in oxygen- 
hydrogen combustion at higher temperature directly by means of the 
spectroscope, and that the presence of H-atoms in the flame in con- 
centrations tliat lie well above those of thermal equilibrium is certain.^ 

It would not be satisfactory, liow'ever, simply to assume the participa- 
tion of the atoms H and 0 and of the radical OH, to make a list of the 
double and triple collision reactions that are possible among these 
particles and with H 2 and O 2 , and then for formal reasons simply to 
eliminate those which do not fit into the scheme for explaining the 
observed phenomena. Rather, extensive investigations have been made 
in the last 15 years on the reactions of free atoms. They have been 
presented in the most varied manner, and we are therefore in possession 
of definite facts about many of the partial reactions coming into con- 
sideration in oxygen-hydrogen combustion. We shall briefly present 
these experiences in the succeeding pages, but naturally the space 
available does not permit a detailed description of the experimental 
methods. 2 

For all practical purposes, two methods come into consideration: (1) 
an electrical discharge (H- and 0-atoms as well as OH-radicals are 
produced in this way) and (2) the photochemical disintegration of mole- 
cules. In the latter case, the molecule can be disintegrated by radiation 
that it absorbs itself (in the case of hydrogen and oxygen, for example, 
which absorb only in the extreme ultraviolet, this has hardly been carried 
out practically®), or another material can be permitted to be absorbed 
(frequently mercury vapor with its resonance line at 2537 A) and can 
then transfer its impulsive energy in an impact of the second kind to 

^ For both these ass<;rtions, see K.F. Bonhoeffer, Z, Elekirochem.y 42, 449 (1936). 

* Cf. in this connection Geib, K.H., Atom lleactions, Ergeb. exakt. Naturw.f 16, 
44 (1936); also “Reaktionen der Wasserstoff- und Sauerstoffatome,'' Habilschr., 
Leiprig, 1937. 

« For oxygen, see page 318. 
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the nonabsorbing molecule and split the latter into atoms (thus H-atoms 
can be produced by irradiating the Hg resonance line into hydrogen to 
which some mercury has been added). If the free atoms or radicals 
are produced in a discharge, we are generally forced to work at quite 
low pressures 1 mm Hg or below) ; but, to compensate for it, we can 
achieve very high relative atom concentrations, close to 100 per cent in 
the case of H. The gases that enter into reaction with the atoms or 
radicals pumped off from the discharge must then be added to them at 
correspondingly low pressures. 

a. The Reaction H + H(+M) —> H 2 (+M) + 102.6 kcal, — The union 
of H-atoms to H 2 takes place in the gas phase in a triple collision in 
which various gases are variously effective as triple collision partners 
according to their number of impacts and the probability of the energy 
transfer. The experimental findings of the individual authors still 
vary considerably. For an estimate according to order of magnitude, 
the following should suffice: At atmospheric pressure, about every 
thousandth impact is a triple collision. If H-atoms have been pumped 
off from a discharge at about Ho 00 atm, their impact number is 10® 
per second, the fraction of triple collisions (which is proportional to the 
pressure) 10~®; thus the life span of the H-atoms is ^ 1 sec, during 
which they have time to diffuse to the wall at these low pressures even in 
large containers. In addition, atoms are also destroyed at the wall, 
and this can be imagined in the following manner: An atom is adsorbed at 
the wall and then remains there until a second atom is added and recom- 
bines with it. The wall (glass) is poisoned^ by water for the recombina- 
tioii^ of the atoms. The estimate for the recombination in the gas 
volume and the life span of the free atoms can approximately be trans- 
ferred to the reaction 

O + 0(+M) 02(+M) + 117 kcal 

as well as 

H 4- 0H(+M) ->H20(+M) -f -- 115 kcal 

We shall come back to the latter reaction. The recombination reactions 
take place without activation heat and therefore depend only slightly 
on the temperature. 

^ It should be considered that, in auto-catalytic oxygen-hydrogen combination 
above the upper explosion limit, the poisoning of the wall plays a role for chain- 
breaking by adsorbed water. 

* For the production and reaction of atomic hydrogen, cf. the following: Bon- 
HOEFFEE, K.F., Ergeb. exakt. Naiurw.y 6, 201 (1927). Amdur, J. Am. Chem. Soc.y 
67, 856 (1935). Smallwood, J. Ain. Chem. Soc., 61, 1985 (1929); 66, 1542 (1934). 
Steiner, W., and Z. Bay, Z. physik. Chem.j Sec. B, 3, 149 (1929). Bodenstein- 
Festband, 1931, p. 817. Trans. Faraday Soc.^ 31, 623 (1935). Amdur, J. Am. 
Chem. Soc., 60, 2347 (1938). 



COMBUSTION OF OXYGEN-HYDROGEN MIXTURES 817 

b. The Reaction of H with O 2 and H 2 + O 2 — The reaction 

(1) H + O 2 — ► OH .+ 0 — 14 kcal 

will certainly take place to a marked extent at higher temperatures and 
should be considered as a possible chain-branching reaction in oxygen- 
hydrogen combustion. Unfortunately there are no direct experimental 
data on this reaction. Since the activation heat in exothermic atomic 
reactions is generally not very high several kcal) and as a result the 
activation heat of endothermic atomic reactions need be only a little 
higher than the heat of reaction, an activation heat of the order of 
magnitude of about 20 kcal could be expected for (1). Geib estimates 
the activation energy at only 14 kcal, since the reverse reaction 0 + OH 
— ^ O 2 + H probably takes place without activation lieat. With an 
activation energy of 14 kcal, the impact yield of (1) at 800° a]>s, in other 
words, in the explosion range of oxygen-hydrogen, would be ^ 10“^. 

In addition to the chain-branching reaction (1), there is certainly 
also an accumulation reaction in the triple collision 

(2) H + O 2 + M HO 2 + M + 40 kcal 

for which there is a series of direct experimental proofs. If atomic 
hydrogen (either from a discharge or photochemically produced) is 
permitted to react with oxygen at not too high temperatures, hydrogen 
superoxide is obtained in considerable concentrations in addition to 
water with a quantum yield to about 3, in which the quantity of H 2 O 2 
can amount to about throe times as much as the water formed.* Accord- 
ing to Marshall,* we must assume primarily a formation of HO 2 in order 
to explain the findings. The same reaction is to be demanded for the 
inhibition of the photochemical chlorine detonating gas reaction by 
means of Oxygen. It is to be assumed that HO 2 is formed at every 
triple collision. The heat of reaction of the above can be estimated at 
about 40 kcal (Bodenstein and Schenk, and Kornfeld^). The same 
reaction may be made responsible also for the inhibition of the photo- 
chemical HI disintegration (Bates*) and results from the consumption 
of photochemically produced (sensitized by Hg) H-atoms in the presence 
of oxygen (Farkas and Sachsse®). It is hard, however, to harmonize 

1 Geib, quoted p. 315. Marshall, A.L., J. Am. Chem. Soc.j 49, 2763 (1927); 
64, 4460 (1932). Frankenbergkr and H. Klinkhardt, Z. phyaik. Chem,., Sec. B, 
16, 421 (1932). Sally and J.B.. Bates, J. Am. Chem. Soc., 66, 110 (1933). Bates, 
J.R.,' J. Am. Chem. Soc., 66, 426 (1933); J. Chem. Phys., 1, 457 (1933); Z. physik. 
Chem., Sec. B, 22, 469 (1933); Proc. Nat. Acad. Sci. U.S. 19, 81 (1933). Lavin and 
J.R. Bates, J. Am. Chem. Soc., 66, 81 (1933). Barak, M., and H.S. Taylor, Trans. 
Faraday Soc., 28, 569 (1932). 

* Bodenstein, M., and P.W. Schenk, Z. physik. Chem., Sec. B, 20, 420 (1933). 
Kornfeld, G., Z. physik. Chem., Sec. B, 36, 236 (1937). 

* Fabsas, L., and H. Sachssb, Z. physik. Chem., Sec. B, 27, 111 (1934). 
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the quantitative deductions of Farkas and Sachsse with those of other 
authors. According to them, only about every five hundredth triple 
collision will lead to HO 2 formation. It is at any rate certain, however, 
that HO 2 is formed in the triple collision. 

The further reactions according to which HO 2 could react with H 2 are 

(3) HO 2 + H 2 H 2 O 2 + H - 3 kcal 

4 and 

(4) HO 2 + H 2 -> H 2 O + OH + 62 kcal 

In addition, according to Geib,^ HO 2 might be consumed at room tem- 
perature chiefly according to the reaction 

(5) HO 2 + HO 2 H 2 O 2 + O 2 + ^ 60 kcal 

The reaction (3), which first was suggested by Marshall (cited page 317), 
may be regarded as a possibility after it has been pointed out by Kornfeld 
(cited page 317) and by Lewis and v. Elbe^ that apparent difficulties can 
be overcome. Geib (cited page 315) reports an activation heat of 7 
kcal for reaction (4). In any case, it may be assumed that the activation 
heats of the two reactions (3) and (4) are not very great and that these 
reactions can play a role at higher temperatures. The reaction proposed 
by Haber and his associates® 

(6) H + O 2 + H2->H20 + OH 

is essentially equivalent to the succession of the reactions (2) and (4). 
Since ozone is formed in flames, the reaction 

(7) H + O 3 — > OH O 2 

$ 

can also play a role under certain circumstances. Its activation heat 
is, according to Harteck (Geib, cited page 315), probably smaller than 
5 kcal. Like ozone, H 2 O 2 can also be formed in flames, and therefore 
reaction 

(8) H + H 2 O 2 H 2 O + OH + 64 kcal 

can likewise occur, which, according to Geib, takes place with an activa- 
tion heat of the order of magnitude of 5 kcal. 
c. Reactions of the 0-atoms, — The reaction 

(1) O + H 2 OH + H + 0.5 kcal 

takes place with an activation heat of ^ 7 ±2 kcal (Geib), as can be 

^ Geib, K.H., quoted p. 315; also Z. physik, Chem.^ Sec. A, 169, 161 (1934). 

•Lewis, B., and G. v. Eij?e, J. Am. Chem. 5oc., 59, 656 (1937). 

• Fabkas, L., F. Haber, and P. Harteck, Naturvdssenschafteny 18, 266 (1930). 
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concluded from experiments by Harteck^ and his associates with atomic 
oxygen* from electrical discharge as well as from photochemical experi- 
ments.® If oxygen atoms are formed in oxygen-hydrogen reaction 
according to 

H + O 2 OH + O - 14 kcal 

with chain-branching, they will probably continue to react, again with 
chain-branching, according to ( 1 ), because of the low activation heat. 

In addition to (1), reactions with smaller activation heats 

(2) 0 + 0H-^02 + H 
and 

(3) 0 + O 3 O 2 + O 2 

can play a role, although, to be sure, only to a very subordinate degree. 
Ozone formation^ can also take part according to 

(4) 0 + O 2 + M -> O 3 + M + 24 kcal 

which takes place without activation heat in a triple collision. For the 
combination of 0 -atoms, the triple-collision recombination 

(5) O + O + M O 2 + M 

naturally comes into consideration too. Since, of the active particles 
H, 0, and OH that appear in oxygen-hydrogen combustion, 0 continues 
to react with H 2 with the lowest activation heat, its static concentration 
will in general be smaller than that of H and OH; and the triple-collision 
recombination (5) will therefore in general give way to the reactions 
H + H + M~>H 2 + M, H + OH + M —> H 2 O + M and probably to 
the reaction of OH (and also HO 2 ) among each other. 

In the reaction of oxygen atoms with hydrogen there occurs besides 

0 + H2->0H + H 

also the reaction of ozone with hydrogen, the former having been freshly 
formed from 0 + O 2 in a triple collision and still possessing a part of 
its formation energy 

1 Harteck, P., and U. Kopsch, Z. phijstk. Chem,, Sec. B, 12, 327 (1931). Har- 
TECK, P., Trans. Faraday Soc.y 30, 134 (1934). 

* Kistiakowsky, G.B., J. Am. Chem. Soc.y 52, 1868 (1930). Kistiakowsky, 
G.B., and Smith, J. Am. Ckem. Soc.y 57, 835 (1935). 

» This value is probably somewhat too low; in any case, the activation heat of this 
reaction will be smaller than that of the reaction H -f O 2 OH -f 0. Cf. Ghoth 
and P. Harteck, Z. Elekirochem., 44, 621 (1938). 

^ CJ. especially Groth, W., and P. Harteck, Z. Elekirochem., 44, 621 (1938). 
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of + H2 — ^ H2O + O2 
Of + H2 OH + HO2 

(Groth and Harteck^. 

d. Reactions of the OK-radicals. — The reaction 

(1) OH + H 2 H 2 O + H + 12 kcal 

which, according to Geib (cited page 315), takes place* with an activation 
heat of ^ 7 kcal, might be of particular importance in oxygen-hydrogen 
combustion at higher temperatures. 

In addition, the triple-collision recombination 

( 2 ) ’ H + OH + M H2O + M 

as well as reactions of the OH-radicals among themselves, like 


( 3 ) 

OH + OH + M 

— y H2O2 “ 1 " M 

and 



( 4 ) 

OH + OH 

H2O + 0 


which were suggested by Bonhoeffer and Pearson, 2 can come into con- 
sideration as chain-breaking (and water forming). 

The reaction of OH-radicals that were produced by a discharge 
in water vapor^ has been investigated repeatedly in recent times. 
Spectroscopic methods were employed to determine the OH concentra- 
tion as well as its charge in time (Kondratjew,® Oldenberg^. Especially 
Oldenberg was able to achieve high precdsion by working with a large 
concave grid. Kondratjew found, first of all, that OH disappears after a 
reaction of the second order. Since Oldenberg found further that the 
recombination constant is proportional to the total pressure and also 
proportional to the pressure of added helium, we must be dealing with a 
triple-collision reaction for which Frost and Oldenberg assume 

H + OH + M -> H 2 O + M 

which does not contradict Kondratjew^s findings, since H and OH origi- 
nate from H 2 O in equivalent quantity. Nevertheless, Kondratjew 
believes he can conclude that the process 

OH + OH + M H 2 O 2 + M 

^ Groth, W., and P. IIarteck, Z. Elektrochem.j 44, 621 (1938). 

2 Bokhoeffer, K.F., and T.G. Pearson, Z. physik. Chem., Sec. B, 14, 1 (1931). 

» Kondratjew, V., and M. Ziskin, Acta Physicochim. VRSS, 6, 301 (1937); 6, 307 
(1937). Kondratjew, V., Acta Physicochim. URSS, 8, 315 (1938). 

* Oldenberg, O., and A. A. Frost, J. Chem. Phys.^ 4, 642 (1936). Oldenberg, 0., 
and F.F. Rieke, J. Chem. Phys.y 6, 779 (1938). 
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is preferred. Since the reactions 

H + H202->H20 + 0H 
0H + H202~>H20 + H02 
H + HO 2 H 2 + O 2 
0H + H02~^H20 + 02 

would have to follow it and they destroy H 2 () 2 , there are no contradictions 
to the empirical findings^ that no H 2 O 2 is present. In any case, it can 
be assumed that OH can recombine either with H or with another OH in a 
triple collision. 

We have discussed the reactions of the H- and 0-atoms at some 
length not only because a knowledge of them is important for explaining 
the mechanism of the oxygen-hydrogen combustion but also because in 
part the same reactions also play a role in hydrocarbon combustion and 
because in part conclusions can be drawn from them in respect to the 
corresponding reactions of hydrocarbon radicals. 

6. Mechanism of the Oxygen-hydrogen Reaction. — It has already 
been mentioned that H-atoms are present in the advanced stage of an 
oxygen-hydrogen explosion in essentially higher concentrations than 
correspond to dissociation equilibrium of H 2 . Goldmann^ produced 
oxygen-hydrogen explosions with parahydrogen; at about 900°C, 50 
per cent parahydrogen is, according to Bonhoeffer and Harteck,® only 
partly converted to ordinary hydrogen in 1 sec,. However, if a mixture 
of 74.3 per cent parahydrogen and 25.7 per (;ent air is ignited, which 
according to the thermochemical data cannot be heated to more than 
900°C, the parahydrogen is found to be completely converted to normal 
hydrogem. Since the flame traverses the mixture in a tube with a 
velocity of 1 m/sec, the mixture would have been at the maximum 
temperature only ^ lO"** sec with a burning zone 10“® cm in width. 
Thus the H-atom concentration (H-atoms are under these circumstances 
responsible for the parahydrogen conversion) must have been greater 
than the equilibrium concentration by an appreciable amount during the 
explosion. H-atoms therefore are produced in a very high concentration 
in combustion and certainly play a role in the mechanism. It is known 
from spectra^ (see Chap. VII, pages 22^ff.) that OH-radicals are present 
in the flame. All flames of hydrogen or hydrogen-containing com- 
pounds show the bands of the radical OH in the ultraviolet, with the 
strongest bands at 3064 A. That the OH-radicals play a role in the 

^ Bonhoeffer and Pearson, quoted p. 320. 

* Goedmann, F., Z. physik. Chem.j Sec. B, 6, 305 (1929). 

3 Bonhoeffer, K.F., and P. Harteck, Z. physik. Chem.j Sec. B, 4, 129 (1929). 

* Cf. Bonhoeffer, K.F., and F. Haber, Z. physik. Chem., Sec. A, 137, 263 (1928). 
Bonhoeffer, Z. Elektrochem.j 42, 449 (1936). 
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combustion reaction had been suspected early by Bonhoefifer and Haber. 
The investigations of Kondratjew^ may be regarded as proof of this. 
By means of absorption photographs, he determined quantitatively the 
OH concentration in reacting oxygen-hydrogen and its change with the 


Table 56.— Hj = 2H - 102.6 Kcal 


^‘‘abs 

Kp = 

% splitting 
at 1 atm 

600 

3.6 - 10-« 

3.0 - 10-1® 

800 

1.3 - 10-« 

1.7- 10-10 

1000 

7.0 • 10-“ 

1.3 • 10-1 

1200 

5.05 • 10-1* 

1.1 . 10-® 

1400 

2.96 • 10-11 

2.9 - 10-* 

1600 

3.59 lO-* 

3.0 - 10-0 

1800 

1.52 • 10-^ 

1.9 ■ 10-0 


3.10 • 10-« 

8.8 • 10-0 


2.89 • 10-* 

0.85 


7.51 lO-* 

4.33 


2.78 - 10-» 

8.31 

Table 57. — O2 = 20 • 

- 117.3 Kcal 

T®abs 

Kp - 

% splitting 
at 1 atm 

800 

9.2 - 10-*^ 

4.8-10-10 

1200 

8.0 - 10-i« 

1.4- 10-0 


2.5 • 10-10 

8.0 • 10-* 

BSI 

5.2 - 10-1^ 

3.6 - 10-0 

Kil 

8.5 -10-* 

0.46 

2800 

3.3 • 10-» 

2.86 


1.4 - 10-* 

5.95 


Table 58.— KHj + OH = H2O + 64 Kcal 


T'^abs 

Kp = 

% splitting 
at 1 atm 


8.87 • 10® 

0.0136 


3.15 • 10® 

0.586. 


108 

5.56 


11 

26 


reaction conditions (page 324). Direct experiments on the concentration 
of 0-atoms in the flame have not yet been made. 

^ Kondratjew, V., and M. Ziskin, Acta Physicochim. URSS, 6, 301 (1936); 
6, 307 (1937); 7, 65 (1937. Avramenko, L., and V. Kondratjew, Acta Physicochim. 
URSS, 7, 567 (1937). 

















COMBUSTION OF OXYOEN-HYDROOEN MIXTURES 323 

The concentrations of active particles can, by the way, also be 
considerable in thermal equilibrium, especially the concentrations of 
H-atoms, and they can sometimes play a role in inducing the reaction 
and in propagating the explosion in the burning zone of a flame. The 
concentration of H- and 0-atoms can be calculated in advance with 
certainty from the thermochemical data (of spectroscopic origin). 
The concentration of OH-radicals has been determined directly by 
experiment, again by optical means, and first of all by Bonhoeffer and 
Reichardt.^ 

In Tables 56 to 58 from Zeise,* we present a survey of the equilibrium constants 
of the reactions in question as well as of the degrees of dissociation prevailing at 
atmospheric pressure. 

The degree of splitting of hydrogen in equilibrium (and still more that of oxygen) 
is therefore so small that, except in the burning zone of a flame, it can hardly play a 
role. Nevertheless, the few H-atoms present in the equilibrium can sometimes 
suffice even at low temperatures as starting centers for the chain in a reaction taking 
place with chain-branching. The degree of splitting of oxygen is still smaller (Table 
57). 

On the other hand, the splitting of HaO into OH and can furnish radicals in 
considerable quantities in the equilibrium even at low temperatures (Table 58). 

The splitting of water and the production of OH-radicals is furthered by oxygen, 
according to the equation 

II 2 O + HO 2 20H - 71 kcal 

On the kinetics of the reaction in the advanced explosion at high 
temperatures, nothing specific is as yet known. It might be possible, 
however, to form indirect conclusions by continuing the theory of flame 
velocity of Lewis and v. Elbe® and by applying it to the values measured 
in oxygen-hydrogen combustion. It is possible, however, by using the 
above data on elementary reactions, to give a reaction scheme that 
certainly produces a rapid reaction in the field of oxygen-hydrogen 
combustion, as Bonhoeffer^ has done. 

If the following scheme is used as a basis, 

(1) H + O 2 = OH + O - 14 kcal 

(2) O + H 2 = OH + H + 1 kcal 

(3) OH + H 2 = H 2 O + H + 12 kcal 

then, after this reaction cycle has run its course, two H-atoms are 
present for each one originally present. After the cycle has run 100 
times, the number of the initial centers has increased 2^®® = 10® times, as 

1 Bonhoeffer, K.F., and H. Reichardt, Z. physik. Chem., Sec. A, 139, 75 (1928). 

* Zeise, H., Z. Elektrochem.y 40, 885 (1934). The equilibrium in question can 
also be found tabulated in Justi, “Spezifischc Warme, Enthalpie, Entropie, Dissozia- 
tion technischer Glase,’’ Julius Springer, Berlin, 1938. 

* Lewis, B., and G. v. Elbe, J. Chem, Phys.j 2, 537 (1934). 

* Bonhoeffer, K.F., Z. Elektrochem.y 42, 449 (1936). 
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long as the chain-breaking is disregarded. At about 1000® abs, an impact 
yield of ^ 10~^ is to be expected for reaction (1) with the activation 
heats estimated above. At atmospheric pressure and an impact number 
of 10®, a time of ^ 10”^ sec would be expected for the course of the 
cycle, since the reactions (2) and (3) take place so quickly that (1) alone 
determines the time. To have the cycle run its course 100 times would 
thus require 10“® sec, a time that is certainly short enough to explain 
the observed induction times of explosions. 

Since the appearance of H and OH in greater concentrations has been 
demonstrated in oxygen-hydrogen explosions, there should be no find- 
ings to contradict the presence of the above mechanism in explosion 
at higher temperatures, in propagation, and in detonation. For the 
explanation of explosion limits at lower temperatures, additional reactions 
must probably be introduced. 

Kondratjew and his associates (cited page 322) conducted oxygen- 
hydrogen through a quartz tube at temperatures of 500° to 000°C at 
pressures between about 3 and 10 mm Hg and photographed the spec- 
trum. In addition, they determined the amount of water formed (as a 
measure of the reaction velocity) and, by means of photographs in com- 
parison with the radiation of a Hefner lamp, determined the energy of 
the radiation emitted (which originates almost excdiisively from OH- 
radicals). The following was found: The entire radiation emitted is by 
many powers of 10 above that computed for thermal emission; hence 
we must be dealing with chemiluminescence. Further, the bands show 
an entirely abnormal intensity distribution. The intensities of the bands 
(O'O"), (I'O"), and (2'1") were of the same order of magnitude and were 
in about the same relation as the transition probabilities. O', 1', and 2' 
represent the oscillation cpiantum numbers v' for the stimulated, and 0" 
and 1" correspondingly for the unstimulated OH-radical. The energies 
for ?/ = 0, 1, 2, 3 amount to 92.1, 100.5, 108.5, and 116 kcal. In thermal 
stimulation, a considerable drop in intensity would have to appear in 
the series of bands emitted from O', 1', 2', . . . , which in reality, how- 
ever, is not observed before = 3. From this, it is concluded that, as a 
result of the chemical reaction, an energy ^ 108.5 kcal must bo present 
that suffices for stimulating the conditions till ?/ = 2 but does not suffice 
for ?/ = 3. Kondratjew would like to make the reaction 

H + H 2 + O 2 = H 2 O + OH + 102 kcal 

responsible for this condition. This energy does not sufl[i(;e alone, how- 
ever, and he must therefore assume that the average thermal energies 
of the three colliding radicals are also available for the stimulus. Thfe 
robs the theory of some of its convincing force, especially since a Boltz- 
mann factor should be added 'with the introduction of thermal energy,, 
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and with this factor there would be a decrease of intensity in the bands, 
which is not observed. We shall therefore suggest a different explanation 
below. Independent of the explanation, the result is that one light 
quantum is sent out for about 10® molecules of water that have formed. 

Kondratjew^ further determined the concentration of OH-radicals 
in combining oxygen-hydrogen at 700°C by means of absorption 
pictures and found that they are at least forty times greater than cor- 
responds to the equilibrium 140 2 + H 2 O = 20H. He also determined 
the concentration of the OH-radicals and the 
quantity of water formed, and hence the reaction 
velocity, in mixtures of varied composition and 
varied pressure. He found both to be propor- 
tional to each other (Fig. 170). It is tlierefore 
to be assumed that, for water formation, the 
reactions 

OH + H 2 -> H 2 O + H 

in addition to the breaking reaction 

H + OH + M H 2 O + M 

are responsible, and this is in agreement with 
other results. 

Th(^ formation of water by recombination of 
H with OH is exothermic with 113 to 115 kcal. 

If we assume OH as a triple-collision partner in 
this reaction, it is possible that the reaction 
energy is used for stimulating the OH bands; and, 
if we assume the smaller value for the reaction heat to be correct, the 
observed intensity distribution would be easily understood. 

Since Kondratjew finds the OH concentration to be 0.03 per cent at 
^ 1000° abs and = 8 mm Hg, the fraction of the trijde collisions 

in which OH is the third partner would be 3 * lO*"^ of all triple collisions; 
there are thus about 3000 times as many triple collisions as there are with 
OH as the third partner. Since a light quantum is emitted only on every 
10®th H 2 O molecule that is formed, and since the energy for this is 
furnished by a triple collision that led to H 2 O formation with OH as an 
impact partner, 3000 times more molecules must have been formed in all 
in the triple collision ; i.e., at least every three hundredth Avatcr molecule 
would have originated from H + OH + M in the triple collision. This 
number is not unreasonable and can perhaps yield a point of departure 
for the breaking probability in triple collision. It is possible that more 



velocity q and OH con- 
centration C (arbitrary 
measure) in oxygen-hydro- 
gen reaction. {From Kon- 
draijew^) 


^ Kondratjew, V., andL. Avramenko, Acta Physicochim. URSSf 7, 567 (1937). 
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than every three hundredth H 2 O molecule originates in the triple collision, 
since the energy liberated in every triple collision with OH is not required 
for stimulating the OH bands. 

In an oxygen flame burning in hydrogen, T. Kitagawa^ observed a 
complex system of bands between 6500 and 7000 A, which he interpreted 
as a rotation oscillation spectrum of the water vapor, since a part of the 
bands coincided with bands that can be observed in the case of water 
vapor with a pressure of 2 atm at 144® in layers 8 m thick. The maximum 
oscillation energy of 50 kcal could come from the reaction H + O 2 + 
H 2 H 2 O + OH; but of course it might just as well have come from 
the reaction H + OH + M — » H 2 O + M. 

The Theory of Explosion Limits . — It is hardly necessary to add any- 
thing to what has been said about the interpretation of the lower explo- 
sion limit (page 294), since the only essential fact is that chain agents 
are destroyed at the wall. As such, in addition to H, O, and OH, 
H02-radicals also come into consideration. For a more detailed dis- 
cussion, we refer to Lewis and v. Elbe (cited page 300) as well as Kassel 
and Storch^ and Kassel. ^ However, the assumption that the reaction 

H + O 2 + M HO 2 + M 

must lead to chain-breaking seems questionable to us; for even at low 
temperatures a continued reaction of HO 2 with H 2 with a reverse forma- 
tion of H or OH does not seem to be excluded, and at high temperatures 
this reaction might especially come into play. 

The theory of the upper limit has been discussed by Kassel and 
especially thoroughly by Lewis and v. Elbe (cited page 300). Like 
Kassel, they proceed essentially formally by placing at the beginning 
the relation already established by Semenoff that the expression for the 
reaction velocity 


where jS is the breaking and 5 the branching probability, can only then 
(independent of the concentration of the chain agents) become infinite 
if P and 5 are of the same order in respect to the chain agents (page 277). 
Since, however, we can give only meaningful branching reactions that are 
of the first order in respect to the active particles, namely, 

H + O 2 OH + 0 

f>^nd 

0 + H 2 OH + H 

1 Kitagawa, T., Proc. Imp. Acad. Tokyo, 12, 281 (1936). 

* Kassel, L.S., and H.H. Storch, J. Am. Chem. Soc., 67, 672 (1935). 

* Kassel, L.S., Chem. Rev., 21, 331 (1937). 
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all breaking reactions that are not of the first order in respect to the 
chain agents are excluded from the start. It has been experimentally 
demonstrated, however, that triple-collision recombinations taking place 
according to the second order in respect to acti^^e particles, like 

H + H + M-^H2 + M 

and others, actually occur. It is therefore also experimentally certain 
that, especially with high concentrations of active particles, the formal 
expression for the trend toward infinite reaction velocity cannot be ful- 
filled. This naturally makes no difference at all in the physical fact 
of the appearance of an explosion, since in reality the reaction velocity 
likewise does not become infinite and since it is always possible that the 
reaction velocity proceeds only to the point at which the transition to 
thermal explosion takes place. 

The entire argument, however, suffers also from this defect: The 
breaking reaction of the second order can be stricken from the reaction 
scheme only if it can be replaced by another reaction proceeding more 
rapidly (which generally, however, applies only for the initial stage of 
the reaction). If, for formal reasons, however, no explosion would result 
in the breaking reaction of the second order, no explosion could take place 
at all in a still more rapidly occurring breaking reaction of the first 
order, and with this the whole theory leads ad absurdum. For physical 
reasons, we should therefore prefer not to follow this line of argument, 
but we call attention to the fact that the formal statement is correct: 
An explosion condition in the usual form, according to Semenoff, can 
be derived only for breaking reactions of the first order, although, to be 
sure, only under the presupposition that the expression for the reaction 
velocity can be reduced to the form 

no 

which is by no means self-evident for more complicated reaction results. 
The author^ has shown that, in more complicated cases, the condition 
for a chain explosion can assume an essentially different form (cf. above, 
page 279). 

The reaction scheme that Lewis and v. Elbe give is as follows: 

(1) OH + H 2 — > H 2 O + H 

(2) H + O 2 OH + 0 

(3) 0 + H 2 OH 2 + H 

(4) H + 02 + M~^H02 + M 

These are all experimentally demonstrated reactions; but it would be 
necessary to ascribe to HO 2 a very long life and small reaction possibility 

^ JosT, W., andL. v. Mt^PFLiNO, Z. phyaik, Chem., Sec. A, 183, 43 (1938). 



328 EXPLOSION AND COMBUSTION PROCESSES IN GASES 

and to assume that it is destroyed at the wall without, however, causing a 
wall effect and a dependence on the diameter of the container for the 
upper limit. Then the correct formal relation for the upper explosion 
limit can be derived. 

That the four reactions given above actually take place is, after 
what has been said, as good as certain. It will not be possible, however, 
to regard (4) as chain-breaking; it will rather be necessary also to take 
into account the succeeding reactions that are reasonably to be expected 
as well as breaking reactions in the gas phase, even though they are not 
of the first order in the active particles. 

We shall perform the computation by including reactions that, 
after what has been said (pages 316J^.), are at any rate not unreasonable 

(5) HO 2 "b IIO 2 — ^ II 2 O 2 “b O 2 

as a chain-breaking reaction of the second order, as well as 

(6) HO 2 + H 2 H 2 O 2 + H 

(7) H202 + H-^H20 + OH 

In the usual manner, we compute from this the static reaction velocity 
and must accordingly first compute, according to Bodenstein, the static 
concentrations of the intermediary products from the equation system. 

(I) = ^ilOH]lH2] + A-21H1102] + A-,[0][H2] 

+ /clHjOsliH] = 0 

(II) = fr2[H][02] - A-3[0][H2] = 0 

(III) ® = a-,[oh][H2] - A’2[H][02] + Hom 

- A’4[H]102)IM] + A:,[H02][H2] 

- ^-7[H202][H] = 0 

(IV) = A-4[H][02][M] - 2fr5[H02]^ - A-e[H02][H2] = 0 

(V) - A-3[H02]^ + fr6[H02][H2] - Ar7[H202][H] = 0 


From this, we obtain by means of extensive computation, which can 
be carried out, however, without disregarding any factors, the concentra- 
tion of the active particles 


[H] 


_ hki[a,\{UM] + ^ 2 ) 

“ IcMHM] - 2A-2P 

hkl[H,Y m n 1 - - 2A:2}[02] 

fr5[02]{A-4[M] - 2A-2}» ‘ kr 
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The expression for [H 2 O 2 ] loses its meaning if the bracket is { ...1^0; 
but this is entirely proper, for we shall find this as the explosion condi- 
tion, and then the above concentrations computed under the presupposi- 
tion of stationarity will also not be valid. 

For the reaction velocity, we obtain with the above values from Eqs. 
(1) and (7) 

d[H20] A-2A*4[M]A-2[H2]2 

dt A*6{A-4[M] - 2A-2p 

This expression no longer has the form of Semenoff^s expression 

no 

{S - by 

nevertheless, it can still become 00 for 

JcaIM] = 2k2 

This is identical, however, with the explosion condition found by Hinshel- 
wood and derived theoretically (with doubtfu! assumptions); for [M] 
in the triple-collision reaction (4) means any kind of molecule. If we 
substitute the individual triple-collision constants k^\ k\ for H 2 , 
O 2 , and inert gas A as a triple-collision partner, it follows: 

A’^[n2] + + n[A] = 2A*2 

Here the temperature dependence of the upper explosion limit derives 
chiefly from the temperature dependence of k^, even though it might be 
increased by the fact that the triple-collision yield is reduced with 
rising temperature. We should not like to assert as yet that the above 
mechanism must absolutely be the one that actually takes place; at any 
rate, it suiHices to furnish the formal position of the upper explosion 
limit and requires only reactions the occurrence of which can be regarded 
as to some extent assured. 

The understanding of the reaction inhibition by halogens and halogen- 
splitting substances, especially iodine, established particularly by 
Hinshelwood and his associates, offers no difficulties.^ Reactions like 
the following might be determining in this case: 

H + l2->HI + I 
H + + I 

which combine hydrogen atoms and can be regarded as chain-breaking, 
since the iodine atoms can continue to react only with considerable 
activation energy and can therefore recombine more readily. 

^ Garstang and C.N. Hinshelwood, quoted p. 302. Hinshelwood and Wil- 
liamson, quoted p. 292. C/. also Lewis and v. Elbe, ''Combustion, Flames and 

Explosions of Gases.’’ 
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It is further possible to include the effect of NO 2 in the general 
scheme, in which both chain-branching and chain-breaking activity 
must be attributed to N02.^ For details, we refer to the extensive 
discussion by Lewis and v. Elbe.^ 

Mechanism of the Reaction above the Upper Explosion Limit, — It is 
not difficult to understand that, with increased pressure, the various 
chain-breaking reactions taking place according to the second order in 
respect to active particles, such as 

H + H + M->H2 + M 
H + OH + M H 2 O + M 
or 

OH + OH + M H 2 O 2 + M 
0 + 02 + M -^03 + M 

play an important part and that as a result the reaction mechanism that 
was a determining factor at the explosion limit becomes much less 
important. In spite of this fact, the experimental findings are quite 
remarkable. 

For the mechanism of the reaction above the upper limit, see espe- 
cially Hinshelwood and Williamson (cited page 292) as well as Lewis and 
V. Elbe. 3 In this range, the reaction is of a high order rising with the 
pressure and temperature. For the static reaction above the upper limit, 
it is necessary to introduce the chain-inducing reactions. According to 
the results of Haber and Alyoa (cited page 302), it is not unreasonable to 
assume with Lewis and v. Elbe that chain induction at the wall takes 
place below about 540° to 560° but above that in the gas phase. This 
could account for the fact that, in some experiments, for example, those 
by Pease (cited page 302), coating the wall with KCl greatly inhibits 
the reaction; whereas, in other experiments (Hinshelwood and William- 
son, cited page 292), such an inhibition is not noted in quartz chambers. 
It is of course not certain that with Pease chain induction took place at 
the wall and with Hinshelwood and Williamson it took place in the gas 
phase. Difficulties for this interpretation arise with the observation 
that in silver containers^ the reaction is practically completely sup- 
pressed up to about 700°C. This can be brought into harmony with 

^ In interpreting the effect of antiknock compounds (Chap. XII), similar assump- 
tions will have to be introduced. 

*(7/. also Lewis and v. Elbe, “Combustion, Flames and Explosions of Gases.'' 
A chain-branching effect is produced by the reaction NO 2 NO -f- O, and a chain 
break in the double collision is conceivable by NO 2 -f- 0 — > NO -f O 2 . 

* Lewis and v. Elbe, “Combustion, Flames and Explosion of Gases;" also J. Am. 
Chem.Soc., 69 , 656 (1937). 

* Hinshelwood, C.N., E.A. Moelwyn-Huqhes, and A.C. Rolfe, Proc, Roy. 
Soc. London, A, 139 , 521 (1933). 
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the theory developed only by assuming a chain break in the gas phase, 
perhaps by silver^ atomized by the effect of atomic hydrogen. In other 
assumptions, we should come into conflict with the observations made 
on the dependence of the reaction velocity on the diameter of the chamber, 
the condition of the wall, etc. (cf. pages 306j^.). 

Lewis and v. Elbe have attempted to make use of these theories 
quantitatively. We shall omit their computations here; they would 
have to be drawn upon in any case if this reaction were further developed. 
The reservations made earlier (pages 320Jf.) would naturally have to be 
taken into account. 

For oxygen-hydrogen combustion, cf. also Prettre.^ 

B. CARBON MONOXIDE COMBUSTION 

1. The Explosion Limits. — Carbon monoxide combustion shows 
many similarities to oxygen-hydrogen combustion. The explosion 
range is entirely analogous to that of oxygen-hydrogen; it is only moved 
toward higher temperatures by 100° to 150°. ■'* However, the lower 
explosion limit occurs at somewhat higher pressures than in oxygen- 
hydrogen explosion. The most striking fact about carbon monoxide 
oxidation is its great sensitivity to small quantities of water vapor. 
Completely dry CO-O 2 mixtures react very slowly; small quantities 
of H 2 O accelerate the reaction considerably. Very well dried CO-O 2 
mixtures (z.c., those dried by long contact with P 2 O 6 ) do not explode 
even when one tries to ignite them with an ordinary spark (Dixon ^). 
From this, it should not be concluded, however, that the dry mixture does 
not ignite at all, but only that an essentially higher energy is necessary 
for ignition than for the ignition of wet mixtures. In reality, later 
systematic investigations^ made in the Bone Institute resulted in the 
following: (2CO + O 2 ) mixtures that were charged with water vapor 
of varying pressures (corresponding to 2.0 to 0.03 per cent by volume) 
were ignited by condenser discharges. '^^Fhe condenser was always 

1 According to Lewis and v. Elbe, quoted p. 300; cf. Bonhoeffer, K.F., Z. physik. 
Chem., 113, 199 (1924). 

*Prettre, M., L’ Inflammation et la combustion explosive en milieu gazeux, 
Act. sci. et ind., No. 61, Paris, 1933. Reaction en chaines. Act. sci. et ind.^ Nos. 425 
and 428, Paris, 1936. 

* Sagulin, a., Z. physik. Chem.j Sec. B, 1, 275 (1928). Kopp, Kowalsky, 
A. Sagulin, and N. Semenoff, Z. physik. Chem., Sec. B, 6, 307 (1930). Semenoff, 
“Chemical Kinetics and Chain Reactions.^ IIadman, G., H.W. Thompson, and 
C.N. Hinshelwood, Proc. Roy. Soc. London^ A, 137, 87 (1932); 138, 297 (1932). 
Garner, W.E., and A.S. Gomm, Trans. Faraday Soc.^ 24, 470 (1928). 

* Dixon, H.B., Phil. Trans. Roy. Soc. Londony 176, 617 (1884). Cf. also Bone and 
Townend for further literature. 

® Weston, F.R., R.P. Fraser, and D.M. Newitt, Proc. Roy. Soc. London^ A, 
110 , 615 (1926). 
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loaded to the same tension of 110 volts, and the capacity was varied so 
that the minimum capacity required for ignition in the case of each 
mixture was determined. This was found to be 0.76 /xf for the mixture 
(2 per cent) saturated with water vapor at room temperature, and 20.83 
Atf for the mixture (with 0.03 per cent H 2 O) dried with CaCb. The cor- 
responding spark energies are 4.6 • 10“^ and 126 • 10“^ joule. The cor- 
responding minimum capacities for the range investigated are plotted 
in Fig. 171. It was also possible to ignite a (2CO + O 2 ) mixture dried 
by P 2 OB, but for this a spark energy of 0.362 joule was required; f.e., the 
discharge of a condenser of 0.77 fif loaded to 970 volts. 

The content of water vapor has a powerful effect also on the flame 
velocity (Chap. Ill, page 121), the detonation (Chap. V, page 180), 




Fig. 171. — Ignition of mixtures of 2CO Fia. 172. — Explosion mngo of 2CO + 
+ O 2 of varying water vapor content by O 2 , determined by Saguliii by means of 
condenser discharges of 110 V. The mini- the flow inetliod. Flow velocity 1:1 1 in 
mum capacity required for ignition is 50 min; 2:1 1 in 30 min; 3:1 1 in 20 min; 
plotted. {From Bone, p. 332.) 4:1 1 in 1 min. 

and the radiation of the flames (page 336). Remarkably enough, the 
position of the explosion limits seems hardly to be influenced by water 
vapor. Hence, in contrast to the other processes, a mechanism must be 
suspected here that is independent of added water. At any rate, it 
must be said that CO combustion has not been investigated with the 
same thoroughness by far as has oxygen-hydrogen combustion and that a 
confirmation of many results is desirable. 

The position of the explosion limits from the measurements of 
Semenoff^s Institute can be seen in Figs. 172 and 173. Figure 172 also 
reveals the following: The experiments were made according to the flow 
method; f.e., the mixtures flowed from a storage chamber through the 
reaction chamber at a definite pressure. The reaction chamber was 
heated until explosion resulted. By a suitable regulation of the entrance 
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valve as well as the valve through which the gas was pumped out of the 
chamber, it was possible to keep the pressure constant at various flow 
velocities and hence to regulate the duration of the gas in the reaction 
chamber. Figure 172 gives results with four various flow velocities. 
Up to the higher pressure range 150 mm Hg), the explosion limits 
obtained with various flow velocities coincide with one another; but above 
that there are systematic variations, and these show that ignition is more 
difficult the longer the duration of the gas in the reaction chamber, or, in 
other words, the smaller the flow velocity. 

Semenoff assumes that reaction products have 
an inhibiting effect on “ high-pressure’^ explo- 
sion. As a result, the flow method is not to be 
highly recommended for such conditions. 

The dependence of the position of the 
explosion limits on the composition of the mix- 
ture can be seen from Fig. 173, likewise taken 
from Sagulin. The higher the oxygen content 
of the mixture, the more the explosion limits 
expand and the lower the ignition temperature, 
at least in the range investigated. Hinshel- 
wood and his associates (cited page 330) have 
made similar observations.^ As proof for the 
independence of the ignition pressures from the 
water-vapor content, we present some numerical 
values from Garner and Gomm,^ who obtained 
them in a quartz chamber several centimeters in 
diameter for mixtures that were moderately dry 
and also saturated with water vapor at room 
temperature. For both, the lower explosion limit was situated at a pres- 
sure of 0.3 to 0.5 cm Hg (for 2CO + O 2 ) with the temperature between 
660® and 850°C; it was practically independent of the temperature. The 
more exact investigation of Ilinshelwood and his collaborators^ shows that 
a series of complications can appear. The observations at the lower 
limit are such as could be expected. Like CO and O 2 , inert gases have 
an explosion-stimulating effect. The fact that a clear influence of the 
chamber dimensions could not be observed might be due to the changing 
condition of the wall. Coslett and Garner® found in addition that, in 
carrying out a series of provisions for the lower explosion limit in the 

^ Cf. also Prettre, M., and P. Laffitte, Compt. rend.^ 189 , 177 (1929). 

* Garner, W.E., and A.S. Gomm, Trans. Faraday Soc.j 24 , 470 (1928). 

® Hadman, G., H.W. Thompson, and C.N. Hinshelwood, Proc. Roy. Soc, London^ 
A, 138 , 297 (1932). Cf. also Coslett, V.E., and W.E. Garner, Trans. Faraday Soc.j 
26 , 190 (1930). 



Fig. 173. — Explosion 
ranges of the mixture CO + 
902;1;2C0 + O 2 , 2;6CO + 
O 2 , 3. {From Sagulin.) 
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same chamber one after another and then pumping the chamber out 
each time, the value of the lower limit rose more and more and approached 
a terminal value. Although ignition was stimulated by argon additions, 
it was inhibited by N2 and CO2 as well as by excess CO. The upper 
limit, as could be expected, was found to be independent of the diameter 
of the chamber. On the other hand, the same value is not found for 
this limit if the method is varied (if both gases are admitted successively 
into the chamber, mixing method,” or if the mixture is prepared at 
high pressure and then pumped off, or, finally, if the mixture is prepared 
in a cold reaction vessel and then heated). By heating a mixture of dry 
gases, we enter the explosion range; on the other hand, the pumping off 
of a mixture prepared above the limit fails. According to Hinshelwood, 
we are here dealing with peculiar metastability phenomena that seem to 
be caused by the change in the nature of the wall under the influence of 
CO, for by heating the reaction chamber with oxygen they can again be 
reversed. 

Nitric oxide^ reduces the explosion temperatures, just as it does 
in the case of oxygen-hydrogen. There is also a sensitizing by means 
of ammonia.^ 

2. Reaction outside the Explosion Limits. — In 1905, Bodenstein® had 
already investigated the catalytic oxidation of CO taking place at low 
temperatures. The catalytic combustion of CO on quartz surfaces is 
inhibited by water, ^ whereas the gas reaction is greatly accelerated by 
water vapor. The role that water vapor plays in CO combustion has 
been known for a long time and was formulated by Dixon in the following 
manner: 

CO + H2O CO2 + H2 

with combustion of the hydrogen following immediately. Even though 
this reaction is not excluded, it seems more probably that a chain reaction 
takes place with the same chain agents as in H2 combustion, and the 
appearance of Oil bands in the combustion of wet CO favors this 
view. For this, the following reactions among others would come into 
consideration : 

CO + OH CO2 + H + 21.5 kcal 
H + O2 + M HO2 + M 
HO2 + CO CO2 + OH 

or also the triple-collision reaction 

H + O2 + CO CO2 + OH + 114.5 kcal 

^ Sa GULIN, quoted p. 331. 

* Fare AS, F. Haber, and P. Hartbck, Naturwissenschaftenj 18, 266 (1930). 

* Bodbnstein, M., and Ohlmer, Z. phyaik. Chem.j 63, 166 (1905). 

* Bradford, B.W., J. Chem. Soc., 1933, p. 73. 
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If the chain reactions of oxygen-hydrogen combustion play a role, 
especially with H-atoms taking part, we should observe inhibitions 


Table 59.— Reaction Velocity of 50 Mm CO 4- 250 Mm O 2 at 560®C in the 
Presence of Water Vapor 


PH20, 

mm Hg 
10 
15 
20 
25 


Initial reaction velocity, mm decrease 
in pressure /min 
2.1 

3.2 
3.9 

5.2 


Table 60. — Reaction Velocity of 100 Mm CO + 15 Mm H 2 O -f 0.4 Mm 1* 
With mm O 2 Reaction velocity 


50 

100 

200 


1.0 

1.3 

1.8 


of the reaction by additions similar to those in oxygen- hydrogen com- 
bustion. Hadman, Thompson, and Hinshelwood^ actually found such 
an inhibition. The highest temperature at which, without the addition 
of iodine, the reaction velocity could conveniently be measured under 
the experimental conditions of Hinshelwood and Thompson was 580®C. 
With small additions of iodine, on the other hand, the reaction velocity 
was too small for exact measurement and still measurable at 100® above 
the former temperature. At constant temperature, the ratio of the 
reaction velocity with and without iodine of 1 mm pressure is about 
100:1. Further, the usual influence of the chamber dimensions on the 
reaction velocity disappears in the presence of iodine, a sign that the 
reaction chains normally broken off by iodine at the wall are now broken 
off in the gas phase. For example, the reaction velocity in the presence 
of iodine in the largest and in the smallest reaction chamber at 680® 
is in the ratio of about 3:1, wdiereas this ratio without iodine at 600® 
is 300:1. 

With this, it is also possible to gain an understanding of the inhibition 
by oxygen present in slow reactions. If this extended to the primary 
process, it would have to be present also in the presence of iodine; but, 
if it consists in a stimulation of chain-breaking (at the wall), it should 
disappear when most of the chains in the gas phase are broken by 
iodine. Actually, the oxygen inhibition disappears with the addition 
of iodine. Several quantitative figures can be obtained from Tables 59 
and 60. 

The reaction velocity is therefore proportional to the H 2 O concentra- 
tion. In the wet mixture, the reaction velocity is directly proportional 

1 Hadman, G., H.W. Thompson, and C.N. Hinshelwood, Proc, Roy. Soc. London^ 
A, 187 , 87 (1932). 
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to the CO concentration, and inversely proportional to the O 2 concentra- 
tion. Table 60 gives information on the disappearance of the O inhibition 
in the presence of iodine. 

The oxidation of CO with NO in the presence of water vapor obeys 
relatively simple laws.^ It appears to be formally possible to explain 
the observed velocity by the equation 

CO + H 2 O CO 2 + H 2 
2NO + 2 H 2 N 2 + 2 H 2 O 

if the latter process is thought of in two steps 

2NO + 112 -> N 2 O + H 2 O 

2N2O 2N2 + O2 

of which the first is velocity-inhibiting. That the reaction takes place 
through hydrogen is not rendered improbable^ by observing an inhibiting 
effect of Br 2 , which utilizes hydrogen. This would rather suggest that 
H-atoms are participating. 

3. Spectroscopic Investigations of CO Combustion. CO Explosions 
in the Presence of Nitrogen. — Spectroscopic investigation has also con- 
tributed to the explanation of the mechanism in CO combustion. In 
the explosion of CO-O 2 mixtures, an intensive violet-red luminescence 
is observed during the induction period of scweral seconds, also at tem- 
peratures of 50° to 60° below the flaming temperature. ^ The radia- 
tion of the CO flame comes chiefly from the C02-molecule.® In the 
infrared, one can observe maxima at 2.8 and 4.5 /x; here a part of the 
radiation is absorbed by CO in the infrared,^ for whi(*h reason minima 
corresponding to the CO bands arc obtained at 2.3 and 4.7 /x. An influ- 
ence of this radiation, absorbed by CO, on the reaction velocity does not 
exist, as has been definitely shown by Garner and Gomm by special 
experiments with CO-O 2 mixtures that reacted in quartz chambers at 
750° just under the critical explosion pressure with and without infrared 
radiation. 

Nitrogen plays a remarkable role in carbon monoxide combustion.® 
In 1909, Haber and Coates published experiments on NO formation in a 
CO-air flame burning under pressure.® They proceeded on the assump- 
tion that ions appear in the flames and that perhaps under the influence 
of these gas ions more NO might be produced than would correspond to 

1 Musokave, F.F., and C.N. Hinsmelwood, J. Chern. Soc.j 1933, p. 56. 

2 Prettre, M., and P. Laffitte, Compt. rend.j 189 , 177 (1929). 

* Kondratjew, V., Z. Phyaik, 63, 322 (1930). 

♦ GarKer, W.E., and A.S. Gomm, Trans. Faraday Soc.j 24 , 470 (1928). 

® In this connection, see Bone and Townend, “Flame and Combustion in Cases,^' 
as well as Bone, Newitt, and Townend, “Gaseous Combustion at High Pressures.” 

• Haber, F., and Coates, Z. physik. Chem.^ 69 , 337 (1909). 
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the thermal equilibrium between N2 + O2. It might be well to point 
out that no contradiction to thermodynamics is implied. If an N2 + O2 
mixture is heated to a certain temperature by a CO-O2 explosion and NO 
is then permitted to form, the formation cannot of course exceed the 
equilibrium concentration. The case is different, however, if from the 
beginning the CO + O2 and the N2 + O2 reactions are coupled with one 
another, for then the NO concentration reached can very well be higher 
than corresponds to the equilibrium of the components in the terminal 
condition. This no more contradicts thermodynamics than does the 
fact that more H-atoms are produced in oxygen-hydrogen explosions 
with chain-branching than corresponds to the dissociation equilibrium 
of H2. In both cases, the condition is that conversion in the total system 
has taken place wuth a decrease of free energy in reference to the initial 
condition. Further, the concentration of a component like that of NO 
in excess of equilibrium present in the terminal condition can maintain 
itself only for a short time, because the system naturally strives for 
equilibrium unless the reaction velocity is decreased exceedingly by 
cooling. 

Haber and Coates could not prove the presence of NO quantities 
beyond equilibrium with any certainty. However, Bone and his asso- 
ciates' found yields in excess of equilibrium that were further increased by 
suddenly cooling the gases immediately upon reaching the maximum 
temperature. (This w^as done as follows: The explosion bomb was 
divided by means of a suitable membrane that was so proportioned and 
constructed that the mixture filling one side of the bomb w'as exploded, 
the membrane w^as then pierced after a short interval, and the gas was 
thus suddenly cxpandcjd to a greater volume.) The addition of nitrogen 
to CO-O2 mixtures decreases the flame velocity consideral)ly and cor- 


Tablk 61. — NO Formation in CO ILxplosioxs (From Fonn) 


Mixture 

Initial 

pressure, 

atm 

Terminal 

pressure, 

at m 

M. * 1 x 10111111 
temperature, 
abs 

NO formation, 
% in cold 
products' 

2 CO + 1.2502 + 5N2 

125 

9(i0 

2270 

2.4 

2 CO + I. 5 O 2 + 6 N 2 

125 

750 

1740 

2.2 

2 CO + I. 6 O 2 + 6.4N. 

125 

720 

1660 

2.0 


* The concentration, corresponding to O2 and Na still pr<!sent, is correspondingly higher; similarly 
in the following experiments. 


^ Cf. especially Bone, New ci’t, and Tow^nend, Gaseous Combustion at High 
Pressures also Bone, W.A., D.M. Kewutt, and D.T.A. Townend, Proc. Roy. Soc. 
London, A, 139 , 57 (1933). Townend and L.E. Outkidge, Proc. Hoy. Soc. London, A, 
139 , 74 (1933). Nkwjtt, D.M., and F.G. Lamont, Proc. Roy. Soc. London, A, 139 , 
83 (1933). 
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respondingly increases sharply the time elapsing until the maximum 
pressure is reached. 

We shall now give several experiments by Bone and his associates: 
According to Zeise (cited page 323), the equilibrium concentration in a 
(IN 2 + IO 2 ) mixture amounts to 0.205 per cent at 1600 abs, and to 
1.38 per cent at 2200°; for the mixture above, it is correspondingly less. 
Since the preceding experiments are carried out without cooling, and 
hence a part of the NO has certainly been lost, NO concentrations above 
equilibrium will doubtless be found. ^ 

In experiments with a broken pane, an increased NO production took 
place. In an initial mixture of 2CO + 3O2 + 2 N 2 at Pmitiai = 72 atm, 
P (at breaking of pane) = 630 atm, Tnmx — 2815° abs, and 5.4 per cent 
NO 2 were found in the cold terminal gases. ^ 

By means of experiments in which the pane is broken at various 
time intervals before and after reaching the maximum pressure, it was 
shown (cf. Table 62) that NO formation begins during combustion but 
still continues during the cooling (which at first is delayed). 

In static high-pressure flames, the maximum yield of NO is about 
2 per cent. That NO formation is no purely thermal phenomenon is 
clear from further experiments by Bone in which he compared explosions 


Table 62. — Example: Pa about 70 Atm (Initial Mdctube 2CO + SOo + 2 N 2 ) 


Po, atm 

P (at the break- 
ing of the glass), 
atm 

Moment of breaking; 
before or after 
reaching Pnmx 

1 

abs 

1 

% NOs* 

% NO 
computed 

70 

520 

-0.03 



3.3 



68 

635 

+0.02 

2915 

4.5 

2.3 

70 

620 

+0.06 

2815 

5.4 

2 

72 

630 

+0.13 

2815 

5.4 

2 


* Originally, of course, NO is formed, but in cooling it combines with excess oxygen to form NO2. 


of 2CO + 3 O 2 + 2 N 2 Avith those of 2 H 2 + 302 + 2 N 2 . Up to 3 per cent 
NO survived in the CO explosion, but only 0.07 per cent could be estab- 
lished in the H 2 explosion.^ Bone has also investigated the processes 
spectroscopically and concludes that an activation of the N 2 -molecule 
(by means of transmission through impacts of the second kind) must 
be the primary process. In an explosion of 2CO + I. 25 O 2 + 5 N 2 and 
25 atm of initial pressure, for example, a bright orange-yellow flame 

^ A process for obtaining NO by means of gas explosion has, b}^ the way, been 
patented by F. Hausser, DRP 232,569. 

* Originally, of course, NO is formed, but upon cooling this converts to NO 2 with 
the excess of oxygen. 

* Possibly the question should also be discussed as to whether the NO-destroying 
reactions take an especially rapid course in H 2 explosions. 
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was visually observed, followed by a red after-glow that lasted some 
time. In the cooled gases, NO 2 can be shown to be present in absorption, 
frhe decreased cooling velocity after reaching the maximum pressure is 
also striking in explosions in the presence of N 2 . This fact points to the 
course of an exothermic conversion. 

The role of water vapor in combustion is likewise clarified by spectro- 
scopic observations. As has already been mentioned, “wet^^ CO 
explosions as well as H explosions yield an intensive spectrum of the 
OH bands. Although these bands are intensified in H 2 explosions by 
raising the initial pressure, they conversely decrease with increasing 
pressure in CO explosions and disappear at about 30 atm of initial 
pressure (Bone and LamontO- This observation at least does not con- 
tradict the conclusion that the combustion mechanism in wet CO-O 2 
mixtures changes with increased pressure and probably changes over 
into that of *‘dry^' CO combustion. Naturally, an extinguishing of 
the luminescent radiation also takes place with increased pressure; 
hence the conclusion is not entirely convincing. Since the OH bands 
survive in H 2 explosions, however, this is not necessarily the reason 
for their disappearance in CO. 

The conditions in CO combustion — without and with water vapor, 
without and with nitrogen — became much clearer on the basis of quantita- 
tive spectroscopic experiments of Kondratjew. That the activation 
of the nitrogen in Bone's experiments and the lessening of the radiation 
demonstrated by him in the blue and ultraviolet when nitrogen was added 
cannot be due to an absorption by nitrogen is clear from its position in 
the extreme Schumann range. Rather, it can only be a matter of energy 
transference in impacts of the second kind. Kondratjew^ has shown 
directly that, in tlie combustion of CO + O 2 , for example, the mercury 
resonance line is stimulated at 2537 A. Since the short-wave end 
of the spectrum of CO combustion is situated at ^ 2200 A, a correspond- 
ing activation energy up to ^ 5.65 volts can be furnished. The lowest 
stimulus condition of nitrogen is the metastable ^2 combustion with a 
stimulus energy — ^2 of 6.1 ± 0.5 volts, so that either the energy 
of the CO*-molecules,® which are probably responsible for the radiation 
of the CO flames, suffices for stimulating this condition, or at least a 
remaining difference of the thermal energy can be supplied. 

Kondratjew^ has also succeeded in measuring the total radiation 
of a CO-O 2 flame in the visible and in the ultraviolet under conditions 

1 Bone, W.A., and F.G. Lamont, Proc, Roy, Soc. London^ A, 144 , 250 (1934). 

2 Kondratjew, V., Acta physicochim, URSSj 2 , 126 (1935). Cf. also Kondrat- 
jew, V., ActaPhys. Polon., 6, 65 (1936). 

* Kondratjew, V., Z. Physik.^ 63, 322 (1930). 

* Kondratjewa, H., and V. Kondratjew, Acta Physicochim. URSS, 6, 748 (1937). 
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that enabled him to follow the reaction velocity at the same time. He 
found that, for 125 C02-molecules formed, one CO*-molecule must 
have been formed with the stimulus energy for radiation. In the quanti- 
tative analysis, the extinguishing of the 
chemiluminescence radiation had to be 
taken into account. The experiments 
refer to a quartz container with a volume 
of 69 cm® through w^hich mixtures of 
CO + O 2 , or 2CO + O 2 were conducted 
at 740®C and about 100 mm pressure with 
a flow rate of 1 to 1.5 cm y sec; the con- 
versions were between 2.3 and 7.7 per 
cent, and the radiation intensity was pro- 
portional to the conversion. The concen- 
tration computed from the emitted 
radiation of stimulated COg-molecules 
is greater by 10^® than corresponds to 
the temperature equilibrium. Accordingly, it seems not unlikely that 
the chain-branching reaction 

C()2* + O 2 CO 2 + 0 + 0 



Kio. 174. — Yield of li^ht i in the 
reaction of 2CO + O 2 at '^'740^0 
as a function of the i)ro.s.suro. 
{From Kondratjew.) 


plays a role in the combustion. 

In earlier works, Kondratjew and Kondratjewa had investigated 
the radiation of CO + O 2 flames in dependence on the pressure and the 
composition of the gas.^ The following resulted: At low pressures, the 
light yield rose initially with the pnissurc and then dropped above 40 mm 
approximately according to a hyperbolic law (Fig. 174). 

For the hj^perbolic portion, the following is valid, if p is measured in 
mm Hg: 


. _ i 

^ 1 -f /fp 


(9) 


with k = 0.113 mm”^ a law that is commonly found for the extinguishing 
of luminescence or fluorescent radiation. ^ The numerical value cor- 
responds approximately to an extinguishing at eveiy gas-kinetic impact. 
This means that the molecule emitting the radiation, say CO*, which 
still bears a great reaction energy, can, during its life of 10~® sec, 
experience a collision and thus give up its energy before it is able to 
radiate it. For this, we obtain theoretically the hyperbolic curve and 
Eq. (9). That the radiation intensity does not rise further at lower 
pressures but even drops has a trivial reason: At lower pressures, the 

^ Kondratjewa, H., and V. Kondratjew, Acta Physicochim. UKSS^ 4 547 
(1936); 6. 625 (1937). 

2 Cf. Stern, 0., and M. Volmer, Physik. Z„ 20, 183 (1919). 
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reaction velocity might drop sharply, and conversion sometimes take 
place essentially at the wall under conditions in which little or no radia- 
tion is emitted. The experiments again refer to a temperature of 740®C. 
According to Johnson,^ 10 per cent of the entire energy of CO + O 2 at 
472 mm pressure is given off in the reaction in the form of infrared, 
visible, and ultraviolet radiation. Experiments mth varying composi- 
tion [(1) pco = 40 mm, P 02 = 20 to 360 mm; (2) pos = 20 mm, pco = 40 
to 80 mm; (3) piotai = 57 mm, per cent CO = 20 to 80; (4) pco = 40 mm, 
P 02 = 20 mm, Pn 2 = 0 to 440 mm] as well as with added nitrogen resulted 
in the following: For the extinguishing constants, we find, respectively, 
koz = 0.162 mm~^ and kco = 0.034 mm“^; i.e., oxygen quenches lumines- 
cence about five times more effectively than carbon monoxide. Con- 
version was also determined, and at 740° it Avas found that CO inhibits 



Fig. 175. — Relative yield of light in the reaction of 2CO + O 2 in the presence of nitrogen 
with varying pressure. {From Kondratjew.) 

it and O 2 stimulates it. The observations with respect to nitrogen are 
again singular, but they can be brought into agreement Avith what Bone's 
experiments show. Figure 175 gives the experimental results indicating 
the relative light intensity varying Avith the N 2 pressure. Here there 
is no regular decrease with increased pressure. The observations are 
to be interpreted formally by the overlapping of tAA^o curves, a hyperbolic 
extinguishing curve with A-nz = 0.28 mm~h This especially high 
extinguishing constant for nitrogen should be brought into relation 
AAdth the nitrogen activation observed by Bone. The second curve, 
which shows an increase of intensity Avith increasing pressure, has its 
maximum in the same region as the curve of percentage con Aversion, 
Avhich is also at first stimulated by nitrogen. It is therefore likely 
that, in the presence of N 2 , a supplementary reaction takes place, prob- 
ably induced by NO that is formed, and that this reaction is responsible 
for the increased radiation. 

That oxygen quenches luminescence so much more effectively than 


1 Johnson, C.H., Phil. Mag., 6, 301 (1928). 
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CO might be due. to the fact that the following process is possible with 
oxygen: 

C02* + 02-^C02 + 20 

which would again point to the role of this process as a chain-branching 
reaction. 

In the presence of water vapor, the radiation of the carbon monoxide 
flame decreases.^ Kondratjew and Kondratjewa^ have made detailed 
investigations of these conditions by having [CO + 02(+H20)] mixtures 
at about 60 mm pressure and 740°C flow through a quartz chamber and 
then determining the yield. If the light intensity i is plotted at water- 
vapor pressure pn^o as a function of this pressure, a curve is obtained that 
is represented by 

i. — 1 

io 1 + 2.5pn20 

In this, to is the light intensity in the absence of water vapor, but small 
quantities of H 2 (from the electrolytic production of oxygen) are still 
present. This relation must not, however, be interpreted as such for 
the quenching of a fluorescence, since we should obtain meaninglessly 
high effectiveness cross sections. It is thus necessary to assume that, 
in the presence of H 2 O, the reaction proceeds partly according to another 
mechanism and that therefore the light yield is reduced. 

If we freed the mixture of the small quantities of H 2 it contains, 
the light intensity would drop below the value of io in the absence of H 2 O. 
This is due to the greatly decreased conversion. Conversion rises from a 
few per cent in dry mixtures to ^ 100 per cent at 0.5 mm H 2 O. 

Even though a quantitative evaluation of the experiments appears 
uncertain up to the present, the results agree very well with the other 
observations. 

4. The Mechanism of CO Combustion. — Somewhat less is known 
about the mechanism of combustion of CO than about that of H 2 . com- 
bustion. It is difficult to formulate a chain reaction without the partici- 
pation of energy chains. The reaction 

(1) CO + O 2 CO 2 + O + 8 kcal 

1 Garner, W.E., and associates, C.H. Johnson, Phil. Mag., 6, 301 (1928). Gar- 
ner and Johnson, J. Chem. Soc., 1928, p. 218. Garner and F. Roffey, J. Chem. 
Soc., 1929, p. 1 123. Garner and D.A. Hall, J. Chem. Soc., 1936, p. 2037. Garner, 
Hall, and F.E. Harvey, J. Chem. Soc., 1931, p. 641. Bawn, C.E.H., and Garner, 
J. Chem. Soc., 1932, p. 129. Garner and F.H. Polland, J. Chem. Soc., 1935, p. 144. 
Also Weston, F.R., Proc. Roy. Soc. London, A, 109, 176, 523 (1925). 

* Kondratjewa, H., and V. Kondratjew, Acta Physicochim. URSS, 8, 487 
(1938). 
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is in itself exothermic. It would therefore be conceivable that it proceeds 
with an activation heat that would not exclude a participation as a chain* 
inducing reaction at higher temperatures. The oxygen atoms, however, 
are not suited for continuing a chain, for with the reaction 

( 2 ) CO + 0 + M CO 2 + M + ^ 125 kcal 

the chain would already be broken. This reaction takes place at about 
every fortieth triple collision, as can be concluded from photochemical 
experiments by Groth^ in the Schumann range. At this place, however, 
stimulated COj-molecules can originate with an energy that suffices 
for the dissociation of the oxygen, and the reaction can therefore follow 

(3) cot + O 2 CO + 20 

insofar as oxygen has not been effective as a triplo*collision partner 
and the dissociation has taken place in one step 

(4) CO + 0 + O 2 CO 2 + 20 

According to Kondratjcw, evidence for this reaction exists. Since, 
according to Kondratjew, one COj -molecule capable of radiation emission 
arises for every one hundred twenty-fifth CO 2 , it would be conceivable 
that reactions (2) and (4) take place oftener than once in 125, since the 
stimulus energy needs to remain with the CO* only in the most favorable 
cases, whereas it will otherwise distribute itself over the collision partners. 
By means of the reactions (2), (3), and (4), the stimulation of the reaction 
by O 2 and the inhibition by CO could also be understood, since the 
continuation of the chain, which is in this case identical with branching, 
(;an take place only with O 2 as a triple-collision partner. Reaction (2) 
would be chain-breaking if no CO* were formed or if the latter were 
formed at first, but a further impact of CO* does not lead to oxygen 
splitting. Since 0-atoms with O 2 furnish O 3 in abundant yield in the 
triple collision, a participation of ozone in the reaction is not excluded. 
It might occur according to 

(5) 0 + O 2 “f" M — > O 3 -f- M 

(6) CO + O 3 — > CO 2 + O 2 

and sometimes, with chain-branching, 

( 6 a) CO + O 3 CO 2 + O + O 15 kcal 

The attempt at a quantitative interpretation of the explosion limits seems 
premature to us as long as no direct experimental material on the ele- 
mentary reactions exists. That determining the upper limit must be done 

1 Groth, W., Z. physik. Chem., Sec. B, 37, 315 (1937). Cf. also Groth, W., and 
P. Harteck, Z. Elektrochem., 44, 621 (1938), footnote 1, p. 627. 
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by introducing suitable gas-phase deactivation is certain considering 
everything hitherto known. Lewis and v. Elbe^ arrive at a formal inter- 
pretation of the upper explosion limit by introducing also the reactions 
with ozone: 


(7) O 3 + CO COa + 0 

( 8 ) CO 3 + CO 2 CO 2 

(9) O 3 + CO + M CO 2 + O 2 + M 


But the introduction of CO3 



for this purpose, for which there 


is no experimental evidence, seems for the time being very unsatisfactory. 
In addition it would appear to us that reaction (7) is highly improbable, 
even if its existence were admitted. Much more reasonable would be 
reaction (6). licwis and v. Elbe have computed this mechanism in order 
to show that the experiments can be formally accounted for without 
introducing energy chains, which are in most cases quite improbable. 
But in this case it happens that there is a direct experimental foundation 
for energy chains on the basis of Kondratjew^s experiments, while, con- 
versely, such an experimental foundation is lacking for the Lewis- v. Elbe 
material chain. 

The combustion of wet CO (or of CO in the presence of H2 or H2-con- 
taining materials) probably proceeds similar to II 2-combustion. The 
reaction 


CO + OH -> CO2 + 11 


does not appear unlikely. Several come into consideration as succeeding 
reactions, like 

H + O2 + M HO2 + M 


followed by 


CO + HO2 CO2 + OH 

Equivalent to this would be the triple-collision reaction^ ’ 


H + CO + O2 CO2 + OH 


which still takes place at the temperature of liquid air and therefore 
probably with a very small activation heat. Also the reaction 

(10) H + CO + M HCO + M 

occurs, followed by a 2HCO — > H2C2O2 (glyoxol) or HCO + H — > H2CO, 
or HCO + H2 — > H2CO + H (formaldehyde), as is clear from the 

^ Lewis, B., and G. v. Elbe, J. Amer, Chem, Soc,, 59, 2025 (1937). Also 
“Combustion,*’ 1938. 

* C/. Geib, cited, p. 31. 
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Hgnsensitized photoreaction according to Frankenburger.' On the 
other hand, (10) is successful in only a small fraction of the triple colli- 
sions (c/. Geib, cited page 315). 

According to Harteck and Groth,* the following reaction also takes 
place: 

H -1- CO(+M) HCO(-f-M) 

HCO -1- O 2 HO 2 -I- CO 

which need not be especially considered here, however, since it leaves 
the CO unchanged in the end result. 

* Frankenburgeb, W., Z. Elektrochem., 36, 757 (1930). (Ikoth, W., cited p. 343. 

* Harteck, P., W. Groth, and K. Faltings, Z. Elcktwchevi.., 44, 621 (1938). 



CHAPTER X 

SPARK IGNITION II: REACTION IN ELECTRICAL DISCHARGES 

In Chap. II, we presented some preliminary remarks on spark 
ignition from the standpoint of theory of heat, which is inadequate for 
this purpose and accounts for only a part of the phenomena. For a 
treatment of the question of when and how an explosion induced in a 
partial volume spreads, it is of small importance by what means this 
partial explosion was originally caused. For that reason, the neces- 
sarily one-sided treatment by way of the theory of heat nevertheless 
leads to important insights, although, of course, they need supplementa- 
tion. How the question of spark ignition was regarded even a short 
time ago is shown by a remark in Bone's book^ that essential differences 
of opinion existed as to whether the ignition properties of a spark should 
be ascribed chiefly to its temperature or to its ionizing effect. According 
to more recent experiences, it is possible to conclude that the ignition 
properties of a spark may be ascribed to its ionizing effect almost not 
at all; to its thermal effect only partly; but to the molecular stimulation 
and eventual dissociation in the spark to a considerable extent. 

1. Nature of the Spark Discharge. Older Investigations on the 
Ignition Properties of Various Sparks. — In older investigations, c.g., by 
Thornton, 2 the minimum current intensities were determined that were 
necessary for ignition under predetermined conditions. This was 
accomplished, for example, by producing an opening spark in a circuit 
in which a known current was flowing. 

For unequivocal results, it is necessary to produce discharges under 
defined conditions, in other words, either condenser discharges or inductor 
discharges, if the spark characteristics of the inductor are accurately 
known. The discharge of a condenser, in the absence of larger self- 
inductions, takes place in a very short time, e.g., 10“*^ sec, from which 

it follows that the current intensity during the discharge must assume 
exceedingly high values. The discharge also oscillates with a very high 
frequency, as can be seen from the fact that the entire dis(;harge period 
is so short. The discharge of an inductor consists in its very first part, 
which is knovm in the English literature as ''capacity component," 
of a corresponding discharge of short duration and of very high frequency 

1 Flame and Combustion in Gases.” 

* Thornton, W.M., Proc, Roy, Soc, London^ A, 90, 277 (1914); 91, 17 (1914); 
92, 9, 381 (1915). 
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and intensity for which the auto-capacity of the secondary coil of the 
inductor is responsible. Upon the capacity components of a very short 
duration, there then follows the so-called ‘‘inductance component” of 
essentially longer duration (several thousandths of a second) and essen- 
tially smaller intensity. The current decreases exponentially in this 
period, in which sine oscillations are superimposed on it, whose frequency 
is essentially expressed by the characteristic frequency of the primary 
circuit of the inductor, consisting of self-induction and capacity (not 
exact because of the coupling of the primary and secondary circuit).^ 
Theoretically and experimentally, the conditions for spark discharge 
have been investigated particularly carefully by Finch and his associates.^ 




Fig. 17G. Fio. 177. 

Flos. 176 and 177. — Variations in the current and voltaRo duiing the inductance componentB 
of an inductor discharge, qualitative. {From Finch.) 

In a special apparatus, the frequency of the capacity components 
was ^ 10^, the maximum intensity was 1 13 amp, the frequency \ji 
the inductance components was 10,000, the current intensity was of the 
order of magnitude 0.3 amp, the amplitudes of the oscillations were of the 
order of magnitude 0.1 amp, and the total duration was ^1.23 m sec. 
Qualitatively the following picture resulted for current and voltage as a 
function of the time [the capacity component is not shown, since it 
takes place too rapidly and the amplitude is too large (Figs. 176, 177, 
and 183)]. The voltage first rises to the value of the erupting field 
strength Ei and then drops to the value E^y whore it remains practically 
constant. The current fades away exponentially with superimposed 
oscillations but always maintains the same direction. What is shown 
qualitatively in these figures can be directly determined quantitatively 
by means of cathode-ray oscillograms (Finch and Sutton, Bradford and 

^C/. in this connection “Handbuch der Physik,’' Vol. 16, pp. 88/. MOller- 
PouiLLET, ^‘Lehrbuch der Physik,” Vol. IV/1, pp. 579/. and especially E. Taylor- 
JoNES, ^Tnduction Coil Theory and Applications,^^ Pitman, London, 1932. 

» Finch, G.I., and R.W. Sutton, Proc. Phys. Soc. LondoUy 46, 288 (1933). See 
also the critical report, written from the modern point of view, on ignition by electrical 
discharges by B.W. Bradford and G.I. Finch, [Chem. Rev., 21, 221 (1937), with exten- 
sive bibliography]^ which we shall follow extensively in the following pages. 
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Finch, page 347), This can be seen in the spark itself^ by observing it 
in a rotating mirror (cf. Taylor-Jones,^ Fig. 61, page 122). Further 
(weaker) discharges periodically follow the first spark of the capacity 
components. 

Very early experiments were attempted to determine the relative 
ignition properties of the various forms of discharge. If an ordinary 
inductor discharge consists of the capacity components and the fluctuat- 
ing inductance components, it is possible with sufficient capacity, by 
adding a capacity to the secondary circuit, to cause only a single capacity 
spark to pass. It can then be shown by calorimetric measurements 
(cf. Taylor-Joncs, quoted page 347) that, under various circumstances, the 
total energy remains the same, assuming equal conditions in the primary 
circuit. Such experiments on spark ignition were carried out by Morgan* 
showing that, with increased capacity in the secondary circuit, the 
ignition properties of the spark increase, and ignition therefore seems to 
depend only on the capacity components. 

These results were regarded by Taylor-Jones and Morgan and 
Wheeler^ as confirming a purely thermal theory, since a larger volume 
of gas can be heated to ignition temperature^^ by a momentary source 
of heat than by a source effective over a longer time but of the same 
total output. However, an assumption of this kind is highly implausible, 
as was early pointed out by Finch.® That would mean that the total 
energy available in a spark could become chemically effective only if it 
were present in the most depreciated form, that of heat energy; whereas 
ionization, molecule stimulation, and splitting take place to a considerable 
degree before the energy is changed into heat. 

2. Finch’s Investigations on the Reactions of Explosive Mixtures 
with Discharges That Do Not Lead to Ignition. — Most observations 
contradict the assumption that ionization plays a deciding role. On 
the basis of the findings reported in the foregoing on chain reactions 
and explosions, we should reasonably expect that stimulus and especially 
dissociation are the essential elements in the discharge, in addition to 
which thermal effect and ionization can of course also play a role. Since 
it is known that atomic hydrogen produced is extraordinarily capable of 
reaction in a discharge and also stimulates the ignition of oxygen- 
hydrogen, it would be reasonable to assume that, when a spark passes 
through oxygen-hydrogen, a similar reaction takes place, accompanied, 

^ The first pictures with a rotating mirror were made by B. Walter, Ann. Physik, 
66, 636 (1898). 

* Quoted p. 347. 

* Morgan, J.D., “Principles of Electric Spark Ignition,” 1920. 

* Taylor- Jones, quoted p. 347. Taylor-Jones, E., J.D. Morgan, and R.V. 
Wheeler, Phil. Mag., 43 , 359 (1922). 

* Cf. Bradford and Finch, cited p. 347. 
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of course, by other processes. An insight especially into these processes 
is afforded by the systematic investigations that Finch and his associates^ 
performed on the nonexplosive conversion by gas discharges in explosive 
mixtures at low pressures. Finch and Co wen ^ have shown that high- 
tension discharges of 600 volts and up to ^ 5 juamp can be passed 
through oxygen-hydrogen mixtures of 30 to 90 mm pressure and electrode 
separation of several millimeters without ignition resulting. 

For purposes of clarification, a few remarks on the nature of glow 
discharge should be made. The illumination phenomena appearing 
in a low-pressure gas discharge are sketched in Fig. 178. The essential 
parts include a glow membrane connected to the cathode (first cathode 
layer) and separated from the negative glow light by a dark space. 
The negative glow light is once more separated from the positive 


Dunkefmum 

negat posifmSau/e 
G/imm/ichf 
TKathodenschicht 

( Faradayscher Dunkelraum *= Faraday dark section' 
S&ule column 

Kathodenschicht »= cathode layer 
Glimmlicht «= glow light 



3iion^ 


Fig. 178. — Glow discharge, schematic. 


column’^ by a dark space, the Faraday dark space. If the distance 
between the electrodes is shortened, only the positive column is at first 
shortened until it finally disappears altogether. If such a discharge 
burns in oxygen-hydrogen and if the length of the positive column is 
reduced, the conversion is correspondingly reduced. From this, it 
follows that a conversion takes place in the positive column. A further 
decrease of the electrode distance after the positive column has dis- 
appeared is made at the expense of the Faraday dark space and leaves 
the combustion velocity unchanged. From this, it further follows that 
combustion takes place only in the luminous portions of the discharge, in 
other words, in those parts in which also molecule stimulation, ionization, 
and dissociation take place. The combustion velocity in a discharge 
without a positive column is directly proportional to the current intensity 
but depends considerably on the material of the cathodes. A dry 
mixture of 2CO + O 2 burns three times faster at a silver cathode, for 
example, than at a copper cathode. Finch therefore concludes that the 
combustion is limited to the cathode zone. 


1 C/. Bradford and Finch, quoted p. 347, as well as Finch and associates, Proc. 
Roy, Soe. London, A, 111, 257 (1926); 116, 529 (1927); 124, 303, 532 (1929); 129, 314, 
656, 672 (1930); 133, 173 (1931); 134, 343 (1931); 143, 282 (1934); J. Chem. Soc,, 
1934, p. 360. 

• Finch, G.J., and L.G. Cowen, Proc. Roy. Soc. London, A, 111, 257 (1926). 



360 EXPLOSION AND COMBUSTION PROCESSES IN OASES 

In Table 63 from Finch and his associates/ we present several 
numerical values to illustrate the quantitative aspect. Here the quotient 
c/i is given in dependence on the other conditions, and the entities are as 
follows: c = cm* oxygen-hydrogen (under normal conditions) burned per 
minute, and i the current intensity in /xamp. In special experiments, it 


Table 63. — Cathode Combustion of 2 H 2 + O 2 at Various Cathodes (From 
Finch and Associates) 

Expressed in c/i, See the Text 


Gas pressure, 
mm Hg 

2 H 2 “h O 2 

(P206-dry) 

2 H 2 4- O 2 4 
1.6 mm H 2 O 

2 H 2 4 O 2 4 
3.7 mm H 2 O 

Wo 

Ta 

Ag 

Au 

Ta 

Au 

Ta 

Au 

90 

0.38 

0.28 

0.27 

0.25 

0.32 

0.26 

0.34 

0.26 

60 

0.37 

0.27 

0.26 

0.24 

0.30 

0.26 

0.34 

0.25 

30 

0.36 

0.26 

0.25 

0.23 

0.29 

0.25 

0.33 

0.24 


was determined that, of the burned gases, up to 1.33 per cent (at Ta) or 
0.76 per cent (at Au) appeared as H 2 O 2 . There is little to prevent the 
assumption that the reaction proceeds similarly to oxygen-hydrogen 




(Geschwindigkeit der kathodiachen Verbrennung = velocity of cathodic combustion) 


Fig. 179. — Reaction of CO O 2 in. 
glow discharge. 1. Dry at a nonatomizing 
cathode. 3. Damp at a nonatomizing 
cathode. 2. Dry at an atomizing cathode. 
{From Bradford and Finch, p. 341.) 


Fig. 180. — Reaction of damp CO + O 2 
in glow discharge at an atomizing cathode 
(corresponding approximately to the over- 
lapping of curves 2 and 3 in Fig. 179). 
{From Bradford and Finch, p. 341.) 


combustion under the influence of H-atoms. In the experiments given 
in the table, the conversion per unit of current is almost independent of 
the gas pressure and does not vary greatly with the nature of the cathode 
material. Nevertheless, differences exist, especially in dry gas; e.g., 
conversions are smaller at an atomizing cathode (like silver) than at a 
nonatomizing cathode like Wo or Ta. The situation is just the reverse in 


1 Finch, G.I., and E.A.J. Mahler, Proc. Roy. Soc. London, A, 133, 173 (1931), 
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carbon monoxide (c/. above). We illustrate with several diagrams from 
Finch and his associates (Figs. 179 and 180). 

If we compare CO combustion at atomizing and nonatomizing 
cathodes, it is perhaps not surprising that the velocity at the former is 
many times that of nonatomizing cathodes. The velocity maximum 
at the atomizing cathode is on the oxygen-rich side. Water vapor 
accelerates combustion almost to the same maximum value as an atom- 
izing cathode, but the velocity maximum lies on the opposite side, 
namely, that of high CO concentrations. If both atomizing cathodes 
and water vapor are allowed to w’^ork, essentially both influences make 
themselves felt with only relatively small mutual disturbances. We have 
two maxima of the velocity in dependence on the composition at those 
places where there were formerly individual maxima. Finch tries to 
explain the observed phenomena by assuming the following processes 
(cf. pages 352/.) : 

1. Reaction of dry CO + O 2 mixtures in the absence of metal atoms: 

(a) 2CO CO 2 + C 

(b) C burns with O 2 

2. Dry CO + O 2 in the presence of metal (Me) atoms: 

(а) Me + MO 2 MeO 

(б) MeO + CO CO 2 + Me 

3. Wet CO + O 2 : 

CO + H 2 O CO 2 + H 2 

Of these processes, 3 should probably be so interpreted that the same 
kind of combustion takes place as usual with CO in the presence of H 2 O, 
i.e., essentially perhaps with the aid of OH-radicals (c/. pages 343/.). In 
agreement with this is the further observation by Finch that, in CO + O 2 
= H 2 mixtures at atomizing and nonatomizing cathodes, the CO is 
favored in combustion; for, if the H 2 combustion takes place by way of 
OH and an H is again formed each time by the reaction of OH with CO, 
this cannot be surprising. In addition, a direct reciprocal effect of CO 
with H 2 O is naturally not excluded even though reaction by the mediation 
of OH seems to be more plausible. 

The reactions assumed under 2 do not appear improbable in this or a 
similar manner. The effect of metal compounds as antiknocks might 
also consist of a taking up or giving off of oxygen by the metal originating 
from disintegration. It is therefore also not surprising if the atomized 
metal has a chain-breaking effect and if therefore the oxygen-hydrogen 
combustion is slower at atomizing cathodes than at nonatomizing 
cathodes. The reaction under 1 assumed by Finch seems less likely to 
us; a participation of 0-atoms appears more probable. However, without 
direct experiments we can deal only in suppositions. 
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The already mentioned CO + O2 combustion in the presence of H2 
does not have the characteristics of the reaction without H2 but takes 
a much more rapid course and rather resembles the reaction of 112 + O2. 
This too is not very surprising in view of reaction-kinetic data. In 
Fig. 181, the cathodic combustion velocity of H2 + O2 as well as of 
CO + H2 + O2 mixtures is plotted as a function of the fuel and oxygen 
content. At the atomizing cathode, a maximum is obtained for H2 + O2 
on the H2-rich side. For nonatomizing cathodes (tantalum), the reaction 

velocity continues to rise with increased fuel 
content as well for H2 + O2 as for CO + H2 
+ O2, and it has not reached its maximum in 
H2-O2 mixtures even at 99.5 per cent of H2. 

In CO + H2 + O2 mixtures, the favored 
combustion of carbon monoxide is more 
decided at atomizing than at nonatomizing 
electrodes, even though the total velocity at 
the atomizing cathode can be smaller. Finch 
concludes from this that it might be two 
different oxidation products of water that 
come into play in CO combustion, of which 
one is richer in oxygen than the other, and 
that metal atoms either hinder the formation 
of the more oxygen-rich product or accelerate 
its destruction. In this manner, they are 
thought to increase the amount by which the 
CO is favored in combustion, while at the 
same time they decrease the total oxidation 
velocity. Since H2O2, even though it can be 
shown to be present in small quantities, is 
improbable as an intermediate product, OH is 
suggested as a possible oxygen transmitter, 
which is probable after what has been said 
above. Finch therefore suggests the following 
for CO + H2 combustion at the nonatomizing cathode: 

(а) H2 burns, by way of OH, to H2O 

(б) CO + OH CO2 + H 

(c) CO + H2O CO2 + H2 

Of these, the third once more appears to us as the least likely reaction. 
Finch assumes that M e-atoms inhibit the formation of OH as an inter- 
mediate product of the H2 combustion. It should also be considered as a 
possibility, however, that the Me-atoms stimulate the recombination 
of H-atoms, which is almost certainly the case. At least the decrease 



/Gcschwindigkeit tier kathodisA 
/ chon Verbrcnruing = voloc- I 
I ity of cathodic combustion I 
\Brcnngas = fuel gas / 

Fig. 181. — Reaction of Hs 
with O 2 in glow discharge; at 
atomizing cathode, 1 ; at non- 
atomizing cathode, 2; reaction 
of CO -f- Ha with O 2 at non- 
atomizing cathode, 3. {From 
Bradford and Finch, p. 341.) 
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in the reaction velocity of H2"Containing mixtures at atomizing cathodes 
could readily be explained in this manner. Perhaps also the decrease of 
participation of H2 in the combustion could be explained by a favored 
reverse formation of H2 in the triple collision or after intermediary 
formation of MeH. In addition, of course, a participation of HO2 is 
conceivable (c/. pages 317 ^.). 

The dependence of the oxidation velocity on the concentration does 
not seem to us easy to explain. Finch assumes that H2 as well O2 must 
be stimulated, that the life of the stimulated H2 is much longer than that 
of O2, and that the velocity on the H2-rich side at nonatomizing electrodes 
therefore rises so sharply. It appears to us that more detailed investiga- 
tions on the manner of the stimulation would be necessary. Since 
H-atoms are formed profusely in the discharge from H2, it would seem 
most logical to make H-atoms responsible for the reaction in the dis- 
charge too, and this is also in agreement with other kinetic facts. If we 
assumed that 0 -atoms would he formed only in a subordinate degree and 
that especially stimulated 02-molecules would be formed, which naturally 
have a shorter life than the H-atoms, then we should arrive at Finches 
assumption. It is not immediately clear, however, why 0 -atoms should 
not be formed in greater concentration since the dissociation heat 
(117 kcal) is not so very much greater than that of H2 ( 102.5 kcal). 

The conclusion by Finch that, in dry H2-O2 mixtures at nonatomizing 
electrodes, the reaction H2 + O2 20 H is determining and on the other 
hand that, in the presence of moisture, the reaction 2H2O — > 20 H -f H2 is 
determining can be accepted to the extent that in both cases it depends 
on OH formation; but the special mechanism must remain undetermined. 
In the presence of Me-atoms, the reaction Me -f KO2 — > MeO; H2 + 
MeO H2O + Me, as it is suggested by Finch, need probably not be 
the only one coming into consideration. 

The main reason that the participation of H- or 0 -atoms is not 
assumed by Finch is that, in special experiments in which H2 or O2, or 
both separately, had previously gone through a discharge and then were 
mixed, only a small reaction could be shown to have taken place. 
Furthermore, H-atoms in greater quantities originate in negative glow 
light only in wet H2; but, in the presence of O2, the conditions for this 
will always have to be regarded as given. That the reaction is small 
in subsequently mixed gases can very well be due to the fact that, up to 
the point of mixing, the concentration of the active particles has dimin- 
ished considerably. Particularly the oxygen atoms at the relatively 
high pressures applied are quickly combined, forming ozone which on 
its part is at low temperatures (as soon as it has lost its initial energy) 
by far not so active as the former (cf, page 319 ). By this means, the 
apparent contradiction between Finch's experiments and the usual data 
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on the reactions of the free H- and 0-atoms could perhaps be eliminated. 
If, however, the free atoms originate directly in the mixture of both 
gases, the conditions for reaction are essentially more favorable. Particu- 
larly the relation of the probabilities for the reaction of 0 with H 2 and 
the destruction of O in triple collision with 02-forming ozone would 
have to be more favorable the higher the ratio H2:02. Whether the 
sharp increase of the reaction velocity in H 2 -O 2 mixtures at nonatomizing 
cathodes with increasing H 2 content is explained by this could likewise 
be decided only by further experiments. 

3. Experiments on the Ignition Properties of Various Sparks as Well 
as of the Various Components of a Spark. — For ignition by direct 
current discharges in the experiments by Finch and Cowen already 
mentioned, a hyperbolic relation between the gas pressure p and the 
current necessary for ignition i has resulted over a rather wide range; 
hence pziz = const. Among the questionable conditions, i.e., constant 
drop in potential in the discharge, the concentration of ions or stimulated 
molecules or atoms is likewise approximately a liyperbolic function of 
the gas pressure. For this reason. Finch concludes that, under the 
conditions of his experiments, ignition was determined by the reaching 
of a certain concentration of suitably stimulated molecules or atoms. 
It is probably not possible to ignore completely the thermal effect of 
the discharge, since relatively small rises in temperature are already 
of considerable effect on the reaction velocity. For the participation 
of ions in ignition, no data are available, even though they cannot be 
excluded with certainty. To be sure, spectroscopic investigations^ 
show that, in discharges by means of CO or 2CO + O 2 , as well with 
atomizing as nonatomizing electrodes, in the positive column and in 
the cathode column, CO bands are present, although there was no 
indication of ionized CO. If it is assumed that not stimulated CO but 
stimulated or dissociated oxygen induces the reaction, this observation 
permits of no further conclusions. 

With minor reservations, however, we shall agree with Finch’s 
conclusion that ignition depends on a sufficient concentration of suitably 
activated molecules (by which we mean also free atoms). The following 
experiment was executed as a test case: Mixtures of 2CO + O 2 were 
ignited by means of condenser discharges of known oscillation fre- 
quency. The frequency was varied and independently of it the entire 
conducted energy, or conduction per unit of time (or conduction during 
the first half period). The minimum pressure was taken as the measure 
of the ignition properties; i.e.j the ignition properties were plotted as 
inversely proportional to the minimum ignition pressure. The ignition 
values obtained with this apparatus for various values of the capacity 

1 Finch, G.J., and Thompson, Proc. Roy. Soc. London^ A, 129, 314 (1930). 
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in the oscillation cycle and various total energies are given in Fig. 182. 
In it, the peak current is also plotted at C = 0.041 /if, which takes an 
analogous course in other capacities. The results show the following: 
The frequency of the discharge exercises a much more decided influence 
than the energy. The ignition quality increases considerably with 
decreasing frequency, although the energy given off decreases at the 
same time. The ignition quality was by no means determined by 
the value of the peak current, which takes a 
course opposite to that of the former. The 
observations exclude any purely thermal explana- 
tion. They merely show that the stimulus con- 
ditions are varied under varied circumstances. 

It is known that the stimulus levels in a con- 
denser discharge are higher as their frequency is 
higher. The high-frequency discharge generally 
yields many ions, whereas the discharge with 
lower frequency yields more neutral atoms and 
stimulated molecules. In agreement with other 
experiences, it should therefore be concluded 
that the latter and not ions are determining for 
ignition. 

Spectroscopic investigations of ignition sparks 
by Yumoto^ yielded results like those of Finch: 

The ignition properties of sparks are greater 
under conditions in which band spectrums appear 
than under conditions in which spark spectrums 
appear. With longer sparks (in air), those 
parts are most effective in Avhich N 2 or bands appear (which of course 
have nothing to do with ignition). 

It now remains to discuss those experiments which are carried out 
on the effectiveness of the various components of an inductor discharge. 
Finches and Sutton's oscillographic investigations of inductor sparks 
have already been mentioned. It was important to experiment sepa- 
rately with the individual portions of the discharge, namely, the oscil- 
lating capacity component of very short duration ('^ sec), of high 
frequency (^ 10^, and of high maximum current intensity (> 10 amp) 
and the inductance components of the same current direction, but with 
superimposed oscillations of low frequency (c.f/., lO'^) and longer total 

duration, of the order of magnitude 10”® sec and of very much smaller 
maximum intensity {e.g., <0.1 amp), whose total production can under 
certain circumstances be j ust as great as or greater than that of the capacity 


( ZlindfilhiKkeit = iKiiitibilityX 
Scheitelstrom =* maximum 1 
current / 

Fio. 182. — Influence of 
the frequency and maxi- 
mum current of a dis- 
charge on its ignitibility 
(maximum current plotted 
for 0.04 l/xf). See the text. 
{From Bradford and Finch, 
p. 341.) 


^ Yumoto, K., Sci. Papers Inst. Phys. Chem. Research Tokyo, 21 , 254 ( 1933 ). 
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Fig. 183. — Oscillograms of inductor di.scharges: picture 7, with condenser parallel 
to the spark gap; 8, complete discharge; 9, late interruption of the discharge; 10, inter- 
ruption at T^a; 11, interruption at Ti\ 12, interruption at T\ (time scale different from pic- 
ture to picture.) (From Bradford and Finch, p. 341.) 

components because of the longer duration. Finch and his associates^ 
did this in the following manner: By using a glow cathode tube with 
a suitable saturation current in the region of discharge, it was possible 
1 Bradford, B.W., G.J. Finch, and Miss A.M. Prior, J. Chem. Soc.j 1933, p. 227; 
1934, p. 75. Finch, G.J., and R.W. Sutton, Proc. Phys. Soc. London, 46, 288 (1933). 
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to suppress the capacity component practically completely while the 
inductance component passed through uninfluenced. To suppress the 
inductance component at the desired intervals, a special double inter- 
rupter was built with which the primary circuit could again be closed 
after interruption in various very short intervals, by which, as was 
shown theoretically and experimentally, the spark is directly broken off. 
Amplitude and frequency of the inductance components are regulated 
by changing the primary current and capacity. 

Several typical results by Finch and his associates are given in Table 
64; they refer to 2CO + O2 + 5 per cent H2. The points of time at the 
end of the discharge refer to the oscillograph (Fig. 183, picture 8, end 
of the discharge T4, T3, T 2 , Ti, T; cf, in this connection pictures 9, 10, 
11, and 12). 

From the data of Table 64, it is clear that an essential part of the 
ignition is due to the inductance component. Individual differences 


Table 64. — Inductor Ignition and Inductance Component in a Mixture op 
2CO -h O2 + 5 Per Cent TT2 (From Bradford. Finch, and Prior) 


Energy of the 
inductance 
component, 
m joule 

Duration of 
the inductance 
components, 
in sec 

Ignitibility = 1000: 
minimum ignition 
pressure, 
mm"*^ Hg 

1 

Minimum ignition 
pressure, mm Hg 

20.5 

2.81 

9.43 

106 

9.2 

0.79 1 

7.70 

130 

7.4 

0.59 

7.41 

149 

5.2 

0.39 

6.50 

154 

2.4 

0.20 

5.13 

195 

-^0.15 

0.02 

4.26 

235 


from material to material are noted in this respect. 2H2 + O2 and 
CH4 + O2 showed analogous results, but in the latter case the cutting 
off of the inductance components had a much smaller influence on the 
ignition properties of the discharge. 

In further experiments, the ignition properties of sparks were investi- 
gated ; and, in addition to the effect of the capacity components, also that 
of the peak value of the current as well as the duration of the inductance 
components were established. 

The conditions of the discharge are presented in Table 65, taken from 
Finch. 

A comparison of experiments B and C shows that cutting out the 
capacity components had an unusually small effect on the ignition 
properties. If, on the other hand, only the inductance component was 
cut out, the capacity component did not suffice for ignition in 2CO + 
O2 + 5 per cent H2 at the highest pressures that could be applied without 
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Table 65. — Discharge Conditions (From Finch) ^ 
Normal inductor discharge 
Normal inductor discharge 


. Glow cathode tube in series with spark 
gap; condenser parallel with it; glow 
cathode fully heated 

C. With glow cathode tube, without 
condenser: 

a. Cathode fully heated 

b. Cathode slightly heated 


D. Condenser parallel with glow cathode 
tube; cathode cold 

E. As before, without condenser 
1 An osoillosraph of these discharges appears in the original. 


Negligible capacity component; inductance 
component uninfluenced 
Negligible capacity component; normal 
(or almost normal) duration of the 
inductance component; oscillations 
more or less subdued 
Normal capacity component; negligible 
induction component 


danger. In the case of CH 4 + O 2 , ignition was still possible but at 
greatly increased pressure. 


Table 66. — Results with Normal Duration op the Indxtctance Components 

(From Finch) 

Conditions for Discharge in Table 65 


Discharge 

Minimum ignition 
pressure, mm Hg 

Igniti- 

bility 

Energy of 
Iho capacity 
component, 
ra joule 

Inductance component 

J'jnergy, 
rn joule 

Duration, 
m sec 



2CO + O 2 + 5% IL 



A 

92.5 

10.8 

0.62 




B 

108.0 

9.3 

0.84 

29.8 

• CC 

C(a) 

111.0 

9.0 

0.89 



D 

No ignition at 304.0 

3.3 

6.7 


— 

E 

No ignition at 313 

3.2 

7.1 



— 



Cll 

4+0, 



A 

89.5 

11.2 

0.58] 



B 

90.5 

11.1 

0.59[ 

23.8 

2.67 

C (a) 

92.0 

10.8 

O. 61 ) 



D 

224 

4.5 

3,6 

— 

— 

E 

No ignition at 250 

4.0 

4.5 

— 

— 


Still more impressive are experiments with reduced inductance 
components. Thus, for example, a 2CO + O 2 + 5 per cent H 2 mixture 
of 162 mm Hg still ignited at a duration of the inductance component 
of 0.38 m sec and an energy of 5.11 m joule, whereas a capacity compo- 
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nent of 8.8 m joule did not suffice for ignition even at 360 mm. From 
the experiments, it is clear that the ignition properties of a normal 
inductance component can be stimulated only a little by the preceding 
capacity component in an induction discharge. 

For further details on spark ignition of various mixtures, we refer the 
reader to Bradford and Finch (quoted pages 347, 349). 

4. Other Observations on ‘‘NonthermaP* Ignition in Sparks and 
Discharges. — The fact that spark ignition is not a thermal phenome- 
non is attested, among other sources, by observations from Semen olf’s 
Institute. As has partly been discussed (page 304), the explosion 
limits of many systems are extended, or the minimum ignition tempera- 



Fig. 1S4. — Kxijlosion ranges of 2 H 2 + O 2 for auto-ignition, 1, as well as under the 
influence of various discharges (intensity of the primary current of the transformer used as 
measure), Gorschakov and Lavrov, {From Semenoff.) 

tures lowered, if free atoms are introduced (e.gr., from a discharge or by 
illumination). Something similar is noted if a spark is alloAved to pass 
through the mixture itself. Kowalsky^ and later Gorschakov and 
Lavrov^ determined the ignition limits of oxygendiydrogen mixtures 
for sparks of varied energy (low-frequency sparks of a transformer; as a 
measure for the spark intensity, the intensity of the primary current 
in the transformer was used). As was to be expected, the ignition tem- 
perature is decreased as the spark becomes more intense; in the proximity 
of the explosion limits,® very weak sparks suffice for ignition. For 
temperatures above 500°C, there is only a lower ignition limit. This 
means, therefore, that, at gas pressures that do not suffice to induce a 
spontaneous chain explosion at the temperature in question, no explosions 
can be forced by sparks either. At somewhat higher pressures, the 

1 Kowalsky, a., Z. physik. Chem., Sec. B, II, 56 (1930). 

* Gorschakov, G., and F. Lavrov, Acta Physicochim. URSSj 1, 139 (1934). 

* By this is meant the pressure limits for auto-ignition (c/. p. 13). 
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influence of the spark becomes very great, however (cf. Fig. 184), and 
it becomes greater the greater the current intensity. It is worthy of 
note that, at not too high current intensities (several tenths of an ampere 
primary), an upper ignition limit is still preserved and that therefore 
no basic difference exists in the ignition phenomena between weak sparks 
and spontaneous ignition. The same is true if instead of a spark a 
quiet electrode-less discharge is used. In this case too, there are upper 
and lower ignition limits, but the ignition range is enlarged^ (at the lower 
limit measured not above 450°). These results appear very plausible. 
Nevertheless, it must be emphasized that they cannot be expected 
according to Semenoff\s theory in its original form, for the expression 
of the reaction velocity 


yields explosions only for jS = 6, not for an increase of ?io. The reaction 
velocity can, of course, be increased so much by iruu-easing no that no 
heat equilibrium exists any more and explosion th(‘reforc takes place. 
This is an entirely possible process, which probably must be drawn 
upon as an explanation in many cases (Chap. VIII, page 278), but doubt- 
less not in all; for, where so-called ^V,old flames appear, the disturbance 
of the heat (Kpiilibrium certainly cannot have been the cause of the explo- 
sion. Formally, the relations can easily be expressed by tlu^ hypothesis 
of chain interaction/^ by which SemenoflV'^ mentioned on page 279, 
means the following: The expr(\ssion for chain-branching contains a 
member that depends on the square of the concentration of the activci 
particles. As a result, the chain-branching is increased l>y increasing 
this concentration, and explosion can be fonaMl. Formally, this is 
correct. However, it is in general not easy actually to find a reaction 
that, in respect to the active particles, is of the second order and furnishes 
chain-branching. As has been explained in detail, it will be permissible 
to regard the condition only if in addition to the fo]*mal relation we (*an 
show' the real reactions that represent chain interaction. That explosion 
can be obtained by strict computation even without chain interaction if 
several of the omissions undertaken by Semenoff are given up has been 
showm in the meantime® (cf. in this connection Chap. VIII, pages 27Sff.). 

6. Spark Ignition in the Engine. — Finch and Mole'^ also carried out 
experiments on the influence of the inductance components on ignition 

1 Dubowitsky, N alb AX’D JAN, and N. Skmenoff, Tram. Faraday Soc.^ 29 , 606 
(1933). 

2 Semenoff, N., ^^Chomioal Kinetics and Chain Reactions”; also, Physi. Z.S.U.^ 
1 , 725 (1932); Z. physik. Chem., Sec. B, 28 , 44 (1935). 

5 JosT, N., andL. v. Mufflino, Z. physik. Chern., Sec. A, 43 , 183 (1938). 

* Finch, G.J., and G. Mole, Trans. Inst. Autoinoh. Engrs., 1934, p. 71. 
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in an engine. In the engine, the conditions are essentially different 
from those in the original experiments by Finch, where room temperature 
and pressures of not more than about 0.2 atm prevailed; whereas in the 
engine the pressures are considerable and the temperatures at the end 
of the compression stroke reach several hundred degrees centigrade. 
In the engine, a spark of such great energy is used that ignition surely 
results even if only the capacity component is present. The experiments 
yielded the following: Output, efficiency, and speed of the engine remained 
unchanged, if the inductance component was cut so far that its duration 
dropped from 2 to 0.5 m sec. Also, a variation in the peak value of the 
secondary current in the inductance component was without influence 
on the running of the engine. With sufficient shortening of the spark 
duration, misfiring occurred; the cause of this turned out to be that the 
spark occasionally could not jump the spark gap of the spark plug, and 
not that a spark could not ignite the mixture. In practical engine 
operation, the capacity component alone suffices for ignition. 

6. Brewer’s Investigations on Reactions as the Result of Discharges 
in Nonexplosive and Explosive Mixtures. — Wc want to discuss the works 
of Brewer^ separately, since they are not directly comparable with those 
of Finch because of the somewhat different experimental conditions, 
although they partly confirm the findings of Finch. 

Brewer, in general, worked at lower pressures than Finch (0.2 to 
20 mm Hg). Over this interval, the reaction in nonexplosive mixtures 
is found to be independent of the pressure, from which it is concluded 
that definite reaction centers but not ranges of especially high energy 
play a role; likewise, that no dissociation equilibriums or addition 
reaction equilibriums, which are dependent on the pressure, can take 
part. The rea(;tion velocity is proportional to the current as in Finch. 
From the intensities of the spectrums, it is concluded that the concentra- 
tion of atoms and stimulated molecules depends on the pressure and 
the density of the current, which direct measurements of the atom 
concentration by Crew and Hulburt^ confirm. On the other hand, the 
velocity of the production of positive ions should be independent of the 
pressure and proportional to the current, and Brewer therefore assumes 
that positive ions are the primary reaction centers. Further experi- 
ments will have to show in how far this conclusion, which contradicts 
other views, can be maintained. 

The finding is noteworthy that, in nonexplosive mixtures, reactions 
in the glow discharge take place with a temperature coefficient ^0. 
Even the H 2 oxidation does not change its velocity over an interval of 

^ Brewer, Keith, A., A comprehensive presentation, Chem, Rev., 21, 213 (1937) ; 
J, physik. Chem., 33 , 883 (1929) to 38 , 1051 (1934) ; J. Am. Chem. Soc., 63 , 2968 (1931). 

* Crew and Hulburt, Phys. Rev., 30, 124 (1937). 
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400®C. Just as noteworthy is the influence of added foreign gases. 
In the reaction of gas mixtures, the velocity generally rises by increasing 
the concentration of the components with the higher ionization potential. 
Added foreign gases (with the exception of helium with an especially 
high ionization potential of 24.5 volts) inhibit the reaction, whereas 
He accelerates it. Brewer concludes that ions of the components with 
the lower ionization tension as well as ions of foreign gases are relatively 
ineffective in inducing reaction. Perhaps we can also interpret these 
findings in such a way that the production of free atoms is decreased as 
more gases with a low ionization tension are present that can easily 
take up the energy. 

The foregoing findings referred to nonexplosive mixtures; in explosive 
mixtures, certain factors change. Here the reaction velocity is in general 
accelerated by the addition of inactive gases. Since diffusion phenomena 
apparently play a part, the assumption of one of the usual atom reactions 
would be possible. The differences that appear in the action of explosive 
and nonexplosive mixtures probably point to the fact that ions participate 
in the latter; whereas, in the former, the assumption of free atoms and 
radicals as reaction agents suffices. In explosive reactions, Brewer also 
finds the greater dependence on temperature and pressure that is to be 
expected. 

7. Expressions for the Theory of “NonthermaP’ Ignition in the Spark. 

Of the attempts at a theoretical treatment of spark ignition, two works 
deserve special mention.^ The work by Mole furnishes a mathematical 
formulation of Finch’s activation theory of spark ignition and is based on 
an analogy between the action of activated particles that participate in 
ignition and that of gas ions that recombine. The method that Lange vin^ 
applied to the latter is therefore transferred to the former. Two different 
active particles are at first assumed, corresponding to positive and 
negative ions (Mole constantly speaks of activated molecules, although 
his computation really fits the case of free atoms). Thus two simul- 
taneous nonlinear differential equations result, whose solution is easily 
possible if we assume the concentration of both types of active particles 
as being equal. We therefore arrive at the same conclusion if from the 
outset only one type of active particle, perhaps free atoms, is assumed. 
The differential equation for the change in time of their concentration is 

^ = a + bn^ — cn (1) 

In this, a gives the number of the artificially produced active particles 
in a unit of time, in other words, in a spark. — cn is to be the velocity 

1 Mole, G., Proc, Phys. Soc, London^ 48 , 857 (1936). Landau, II.G., Chem. Rev.j 
21, 245 (1937). 

*LaNqevin, Ann. chim. phys.^ 28, 433 (1903). 
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of the spontaneous fading of stimulated molecules. If we are thinking of 
free atoms instead of stimulated molecules (as the recombination intro- 
duced by Mole really demands), however, this member could be inter- 
preted as the velocity of the deactivation by diffusion to the wall. The 
coefficient b is, according to Mole, 

b = a(mj — 1) 

in which the first member measures the activation as a result of the 
energy liberated in recombination, and the second measures the deactiva- 
tion by recombination. Mole assumes it to be self-evident that 6 > 0; 
although we are of the opposite opinion, we shall give the results that 
follow from Mole’s assumption a, 6, c > 0. With 6 > 0, the differential 
equation (1) is identical with that which we should obtain according to 
Semenoff by introducing chain interaction (branching under the 

assumption that this branching of the second order is so strong that we can 
disregard that of the first order. This case, then, is referred to by the 
integrals that Mole gives for various assumptions regarding the constants. 
If we wish to investigate that sort of relation. Mole’s expressions can 
be applied with benefit. 

However, we raise the basic objection that probably 6 < 0, and 
then, as has already been discussed (c/. page 278), a static concentration 
must always appear and no explosion results. The assumption 6 > 0 
assumes that, in recombination, which combines two active particles, 
more than two new active particles arise by secondary activation. In 
reality, however, only the dissociation work for a pair of free atoms 
is obtained in recombination; and, since the latter can be used only for 
the activation of new particles in a fraction of the recombination proc- 
esses, more active particles must disappear by recombination than are 
produced. To be sure, we base this on the fact that we are dealing with 
free atoms, whereas Mole operates with stimulated molecules. In 
this case, however, it would be still less clear how the process is to take 
place, since no direct proofs of the participation of stimulated molecules 
in the reaction have hitherto been produced and since this participation 
is not very likely because of the generally very short life of stimulated 
molecules. Experiments with added gases that have a deactivating 
effect on the stimulated molecules might be suitable for experimental 
tests. Mole’s investigation therefore appears to be only a starting 
point for attacking the problem, the solution of which it has not produced 
(even though it leads to very interesting conclusions), since it does not 
sufficiently fit the actual experimental facts. 

A mathematical treatment of the ignition process which Landau 
(page 362) has carried out on the suggestion of Lewis and v. Elbe comes 
much closer to the generally accepted physical picture of these processes. 
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He considers a reaction in which a kind of active particle participates. 
To begin with, he lets a certain initial concentration of these particles 
be present in a small partial volume as the effect of the spark; likewise 
a certain temperature that is higher in respect to the remaining gas. 
He now imagines a reaction taking place with chain-branching and at 
the same time takes heat conduction and diffusion of active particles 
into consideration. Since it is reasonable to regard the spark volume 
as a sphere, we obtain for heat conduction, if the origin of the coordinate 
system lies in the center of this sphere, 


dT , 1 d / , dT\ 
dt ~ ^ dr V ‘ dr ) 


+ 2/w 


( 2 ) 


in which the first member to the right is the temperature change by 
heat conduction and the second is the temperature change as the result 
of heat production by chemical reaction (Q heat production per unit of 
conversion, c heat capacity of the unit of volume, and f(n) the reaction 
velocity). For the change of the concentration of active particles, we 
obtain correspondingly 


dt dr \ drj 


+ an 


(3) 


In this, the diffusion coefficient h is equated with the temperature 
conductivity /r, which is an allowable simplification, since both entities 
are always approximately equal, a represents in Landau the branching 
coefficient; an is therefore the increase of the concentration of active 
particles by chain-branching (as long as we regard bran (thing and break- 
ing as linear in the concentration of the chain agents, we can also regard 
a as the difference between branching and breaking; the equation is 
therefore that miuth more general than indicated by Landau). Simpli- 
fying still further, Landau writes J{n) = /o • n, that is, the reaction 
velocity is proportional to the concentration of active pai ticles, which is 
likeAvise a permissible simplification. So far, the initial eejuations of 
Landau take care of all the essential physical conditions. However, it is 
possible to integrate the above equations only in a relatively simple 
manner if a is constant. For that reason, this entity is assumed to bo 
constant by Landau, whereas in reality a certainly varies exponentially 
and sometimes greatly with the temperature. Use is also made of 
the constancy (3f Q/o.* /o, the reaction velocity, however, certainly 
changes exponentially and quite considerably ^nth the temperature. 
For these reasons, Landau's results will have to be accepted with great 
caution. Nevertheless it appears that Landau has computed that case 


In Landau, Q/o is designated by Q! 
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that does the greatest justice to the physical relation and, in addition, 
permits an integration in closed form. 

A discussion of the computation would take up too much space here. 
We obtain a relatively simple expression for the temperature at the start- 
ing point, and it is reasonable to assume as a condition of ignition that 
the temperature never drops there. ^ The condition for this yields the 
following picture, which essentially represents a relation between a 
4(T - To)kc 


and an expression 
follows: 


A = 


n — no 
n = 0 


QfanoR'^ 

for 
for 


if the initial condition read as 


0 g 
r > 


r < R 
R 


and ^ = 0 


Because dT(0^t)/8t ^ 0, the relation between A and a plotted in Fig. 185 
results. Landau attempts to test his results by experience, for which 
purpose he draws upon Silver’s experiments^ (page 29) on ignition by 
hot pellets of varying radii. The test is (piestion- 
able insofar as he subsequently inserts branching 
velocity and reaction velocity as temperature 
functions after he has performed the computa- 
tions by assuming their constancy. The experi- 
ments, to be sure, fit the relations thus obtained, 
but they would have fitted another relation 
assumed by Silver-' just as well and would fit 
any relation that, as its most essential factor, 
would give an exponential connection of the 
temperature with a n'ciproc^al power of the mini- 
mum radius of the pellet necessary for ignition. 

If, tlierefore, we do not regard this result as 
a support for Landau’s theory but permit the 
objc(;tion made above to stand, Landau’s treat- 
ment might nevertheless be suited as a point of 
departurci for a more exact theory. As soon as 
we introduce the branching velocity as an 
exponential function of the temperature into the differential equation, 
we obtain a transcendent differential equation that can be treated only 
by numerical methods; but this will be necessary for a further develop- 
ment of the theory of ignition.® 
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range according to the 
theory of Landau, p. 29; 
sec th(^ text. 


^ It is possible that the temperaiure rises at the beginning but then drops again; 
this cannot correspond to ignition, therefore. 

* Cf. Chap. I, p. 31. 

® For spark ignition, cf. also E. Seiler, Brennstoff- u. Kdrmemrt., 17 , 186 (1935). 
Sloane, R.W., Phil Mag., ( 7 ), 19 , 998 (1935). 
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APPENDIX 

In practically all flames, a certain ionization can be proved to be present. Flame 
propagation can sometimes be considerably influenced by electrical fields. This 
influence might be understood in most cases as the result of the gas currents caused 
by the movement of the ions in the field. For the present, there does not seem to be 
any convincing reason to assume an essential participation of the ions in the chemical 
reactions.^ 

^ Cf, in this connection, among others, Haber, F., Sitzher, preuss. Akad, 
Physik. math. Klasse, 1929, p. 162. Becker, A., ^‘Handbuch der experimentellen 
Physik,” Vol. XIII, 1929. Wilson, H.A., Rev. Med. Phys., 3, 156 (1931). Vogt, K., 
Ann. phys.j 12, 433 (1932). 

Views differing from those above are represented by A.E. Malinowski and 
associates, J. chim. phys., 21, 469 (1924); Z. Physik, 69, 690 (1930) Z. Sovet., 
2, 52 (1932); 3, 529, 537 (1933) ; 6, 212, 446, 453, 902 (1934) ; 6, 549 (1934) ; 7, 43 (1935) ; 
8, 289, 536, 541 (1935); 9, 264, 268 (1936); Acta Physicochim. URSS, 4, 929 (1936). 



CHAPTER XI 

THE COMBUSTION OF HYDROCARBONS 
SURVEY OF THE FIELD 

In the oxidation of hydrocarbons, three fields can be differentiated : 
the catalytic oxidation, already taking place at relatively low tempera- 
tures, sometimes noticeable below ^ 100°C;^ the slow oxidation in the 
gas phase in a range from about 200° to 300° to about 500° to 600°C; 
and finally the explosive combustion in the flame. Tlic^ range of catalytic 
oxidation, which is chiefly of interest from the point of view of chemical 
preparations, must be disregarded here. We shall d.eal in detail with 
the processes of slow oxidation at moderately high temperatures which 
sometimes lead to autoignition. They have been investigated most 
thoroughly, and they are also of special importance because, after every- 
thing that is known up to the present, they coincide with those processes 
which take place in the adiabatically compressed mixtures of an engine 
and which lead to undesirable knocking in the (3tto engine and to the 
desired ignition in the Diesel engine. Only indirect experiments have 
been made on the mechanism of explosive combustion, and these will be 
discussed in Sec. A. 

In the case of explosive combustion in the flame, free radicals might 
play a role. The presence of OH in every hydrocarbon flame is known 
from its spectrum. H-atoms are present at higher temperatures in 
noticeable concentration even at equilibrium. The presence of other 
radicals (CC, CH, and perhaps HCO) can likewise he seen from the flame 
spectra, even though the role of these radicals for the reaction mechanism 
is not as yet clarified (c/. Sec. A). 

In slow oxidation (Sec. B, page 376) of hydrocarbons, we generally 
observe an autocatalytic course of the reaction even in the case of alcohols 
and aldehydes; i.e.j the reaction begins to accelerate after a certain 
induction period. The induction period is decreased by raising the 
temperature and pressure and by the presence of certain materials (in 
hydrocarbons sometimes by aldehydes, sometimes by peroxides, etc.), 
it is prolonged by other additions. (sometimes iodine, aniline, lead tetra- 
ethyl, insofar as it is given opportunity to disintegrate), it is usually 

^ In the liquid phase, the oxidation is sometimes noticeable at still lower tempera- 
tures, on which fact the technical application of the oxidation of paraffins for obtaining 
fatty acids is based. In this connection, see G. Wietzel, Z. angew, Chem., 51, 631 
(1938). 
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dependent on the condition of the wall, and it can sometimes be absent 
altogether, e.g,j in aldehydes under not too mild conditions. As reaction 
products, there appear, besides CO, H 2 O, and usually a little CO 2 , great 
quantities of aldehydes, particularly formaldehyde, and also acids and 
alcohols, the latter particularly at high pressures. Often peroxides can 
be shown to be present in small quantities; and H 2 O 2 is sometimes the 
primary product and only later in the condensed reaction products 
(perhaps at the wall) continues to react with formaldehyde and the like 
to form organic peroxides {cf. page 406). 

In the oxidation of aliphatic hydrocarbons and their oxidation 
products, a bluish luminescence is noted as well as the appearance of 
^‘cold flames’' at low temperatures (cf. pages 437j(f.) in which only a 
partial oxidation and no complete combustion takes place. ''J'hc cold 
flames disappear with rising temperature, and parallel with it a ^^negative 
temperature coefficient”^ of the reaction velocity is observed; z.c., 
the velocity of the conversion decreases with rising temperature {cf. 
pages 428, 437^1’.). In addition, the appearance of peroxides runs parallel 
with the appearance of cold flames; and, since phenomena corresj)onding 
to cold flames have been observed in the disintegration of peroxides 
{cf. page 463) and since, moreover, the great instability of these com- 
pounds is known, the appearance of cold flames has always been associated 
with the reactions of these peroxides. Even though this simultaneity 
may be no coincidence, somewhat varying interpretations are, under 
certain circumstances, possible {cf. pages 493//.). 

The oxidation stability of the hydrocarbons and their derivatives 
generally decreases with the increase in size of the molecule. By a 
rise in pressure, a normal explosion can develop from the ^‘cold flames.” 
By introducing hydrocarbon-air mixtures under pressure into heated 
reaction chambers, very peculiar explosion limits are observed as a 
function of the pressure and the temperature {cf. Sec. C). In a certain 
pressure range, there are three ignition limits. With rising temperature, 
ignition is obtained which is absent at higher temperatures and which is 
again obtained only at still higher temperatures. These phenomena are 
certainly determined by the same conversions that cause the appearance 
of cold flames. Since no anomalies have been observed in ignition by 
adiabatic compression of hydrocarbon-air mixtures, as far as measure- 
ments are available, those phenomena as well as the cold flames could 
partly be caused by wall effects. 

1 By this term, we shall understand, as the meaning of the word suggests, the 
differential quotient of the reaction velocity with respect to the temperature, which 
can be positive or negative. Frequently it is used to mean the factor by which the 
reaction velocity changes, with a rise in temperature, by 10°. This factor can be ^ 1, 
but it is always > 0. 
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Hydrocarbon oxidation is at any rate a chain reaction (with branch- 
ing), as can be concluded, among other things, from the generally possible 
inhibition by the wall and by packing of the reaction chamber, as well as 
from the sensitivity to additions. A number of important observations 
on the oxidation behavior of hydrocarbons have been derived from 
experiences on engine combustion (cf. Chap. XII) and can readily be 
fitted in the framework of the other findings. 

In the investigation of the individual hydrocarbons, the partial 
phenomena discussed in the foregoing are often found simultaneously 
in the most confusing manner, often by various authors in apparent 
contradiction to one another. The individual factors, such as the partici- 
pation of impurities or of products produced in the reaction and the 
influence of the various conditions of the wall (in simple cases, cf, pages 
430ff., 433), yield such a welter of combinations that we are not surprised 
at the appearance of even apparently contradictory phenomena. This 
situation excludes the possibility of arranging the results of all authors in 
a unified complete scheme, however, since this would not be possible 
without disregarding many important and certainly sound individual 
observations. The reader who does not wish to lose himself in the mass 
of experimental detail may skip to the theoretical treatment of the 
processes (Sec. D), in which an attempt is made to furnish a complete 
picture of the phenomena, the personal opinions of the author remaining, 
of course, in the background. For a more complete understanding, it 
will also be necessary to become familiar with the individual observations. 

A. COMBUSTION OF HYDROCARBONS IN THE FLAME 

Conclusions respecting the explosive combustion of hydrocarbons can 
be derived from: (1) flame velocities, (2) spectroscopic finding, and (3) 
the analysis of the end products obtained in an explosion. These 
observations alone do not suffice for a clarification of the reaction mecha- 
nism, but they are nevertheless interesting and suggest certain con- 
clusions. If w^e allow hydrocarbons to burn with a quantity of air or 
oxygen not sufficient for the complete oxidization into CO 2 H 2 O, we 
obtain CO, H 2 O and CO 2 and H 2 as reaction products in relation to 
one another in the ratio of the constants^ of the w^ater-gas equilibrium, 
for the temperature at wdiich equilibrium can appear. If the air quantity 
is further reduced, carbon in the form of soot also appears and is responsi- 
ble for the illumination of nonpremixed gas flames. Experiments are 
not lacking to set up general rules regarding the primary action of oxygen 
in combustion; theories have been advanced for favored hydrogen 

^ Numerical values can be found in E. Justi (cited p. 226); in the cooling of the 
gas mixture, the equilibrium “freezes” because the reaction velocity becomes too 
small. The freezing temperature depends on the cooling velocity. 
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combustion or carbon combustion, but they do not do justice to the actual 
findings. 

1. Reaction Products in Explosion and Combustion. — Dalton, for 
example, has observed, and Bone^ has rediscovered, that, in the explosion 
of ethylene with an equal volume of oxygen, no soot is given off but 
rather that the conversion takes place according to 

C2H4 + 02 = 2 CO + 2H2 

The explosion of acetylene follows an analogous course: 

C2H2 + 02 = 2 C 0 + H2 


If, for example, OH (in small concentration) should be a product partici- 
pating in the combustion, to w+ich many observations attest (cf. page 
325), it would have to react ^vith these compounds in such a manner that 
O would act on the carbon but not on the hydrogen, as, for instance. 


H 

H 




=c 


+ 0— H 



HjC— CHa 

I 


H2C— CH* 

I I H2CO 

or 0 or 4 CH 3 

1 

H 


That something similar occurs is not improbable, but it is of course not 
proved. In acetylene, we can naturally imagine the same thing but not 
in ethane where a double bond is nq longer present. If OH were to react 
with ethane, the following reaction w’^ould come into consideration as the 
most likely one: 

CsHe + OH C 2 HB + H 2 O 

Since in this manner a part reacts into H 2 O, there is no longer enough 
oxygen for the combustion of the total C, and avo should therefore neces- 
sarily obtain soot in the explosion of ethane, assuming the same volume 
of oxygen. This is actually the case. It was found, for example, that the 
combustion gas consists of 4.2 per cent CO 2 , 33.5 per cent CO, 2.7 per cent 
hydrocarbons, 11 per cent methane, and 48.0 per cent hydrogen; in 
addition, water is condensed out, and one-sixth of the original carbon is 
given off as soot. Because of the reaction C + H 2 O == CO + H 2 , the 
composition of the end products depends greatly on external factors that 
influence the flame temperature. 

Methane reacts with the same volume of oxygen according to 

CH 4 + O 2 CO + H 2 + H 2 O 

^ Cf. the presentation in the Bakerian lecture by W.A. Bone, Proc. Roy. Soc. London, 
A, 137, 243 (1932). Bone, W.A., and B. Lean, J. Chem. Soc., 61, 873 (1892). Bone 
and Townend, “Flame and Combustion in Gases.^’ Bone, W.A., and J.C. Chain, 
Trans. Chem. Soc., 71, 26 (1897). 
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to which is added^ the water-gas reaction 

CO + H2O CO2 + H2 

For further observations of this kind, we refer to Bone. 

Bone attempts to present the course of combustion as a result of 
hydroxylation and splitting. In this manner, a list of the possible 
reaction products of the combustion is obtained, to be sure, but the actual 
course of reaction is by no means reproduced. 

Of further interest are experiments that determine the relative 
combustibility of H2, CO, and hydrocarbons.^ Here certain conceptions 
of the relative velocity prevailed, which we sometimes meet occasionally 
even now and for which there is no actual experimental support. * Bone 
and his associates exploded the following mixtures: 02116 + O2, C2H4 -f- 
H2 + O2, and C2H2 + 2H2 + O2, that is, three mixtures of the same 
gross composition. Although considerable soot production is obtained 
in ethane, as was discussed above, the two other mixtures yielded no 
soot, not even in the presence of added hydrogen. The hydrogen, 
therefore, is not favored in combustion. In analogous experiments 
with methane, it was shown that, in the explosion of CH4 + O2 + 2H2, 
about 95 to 97 per cent of the methane present is consumed. A similar 
result was obtained when the hydrogen was replaced by CO; here, too, 
no carbon was formed.* 

2. Spectroscopic Observations. Reaction of Free Atoms and Radi- 
cals. — The flames of hydrocarbons show, as has already been discussed 
(page 231), the bands of C2, CH, and OH and in addition more or less 
intensely the Vaidya bands in the ultraviolet, which are probably to be 
attributed to HCO. It is quite probable, from the analogous findings 
of Kondratjew in the case of CO and H2 combustion, that, of these 
radicals, OH plays an essential role in combustion; but up to the present 
this has not been directly proved. In the case of the other radicals, 
we naturally also suspect a participation in the reaction, but no direct 
experiments have been made on this participation. In addition to 
these radicals, we may with certainty assume the presence of hydrogen 
atoms and perhaps also suspect a participation in the reaction. Perhaps 
oxygen atoms, whose concentration Avill always remain smaller than that 
of H-atoms, likewise participate. In addition, under certain circum- 
stances, H02“radicals perhaps take part, the formation of which from 
H and O2 is to be assumed in hydrogen-oxygen combustion (page 317). 

^ In cooling, the water-gas equilibrium commonly ^‘freezes.” 

* Cf. Bone, '‘Flame,’’ quoted p. 156. 

*The composition of the explosion products is dependent on the presence of 
inactive gases which, insofar as they do not interfere in the reaction as triple-collision 
partners, simply effect a lowering of the temperature. Cf. Bone, W.A., and L.E. 
Autridqe, Proc. Roy. Soc. London, A, 167, 234 (1936). 
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In the action of H-atoms produced in the discharge (Bonhoeffer and 
Harteck)^ or 0-atoms (Harteck^ and Kopsch) on hydrocarbons, the 
same spectra appear as in hydrocarbon combustion (in the former case, 
naturally, with the exception of the OH bands), which at least does not 
make it appear unlikely that analogous reactions take place also in 
combustion. 

The reaction of H-atoms with hydrocarbons was first investigated by 
Bonhoeflfer and Harteck^ and was the object of many later investigations.® 
All the hydrocarbons investigated, with the exception of methane, 
already react with H-atoms at low temperatures. According to Geib 
and Harteck,® it cannot be proved that even at 183°C H-atoms react 
in the sense of the equation H + CH4 = CH3 + H 2 , from which an 
activation heat of at least 15 kcal can be concluded. This activation 
heat is low enough, however to attribute a considerable role to this 
reaction in flames. The reaction CH3 + H 2 = CH4 + H demands an 
activation energy of about 9 ± 2 kcal.^ Ethane is easily acted upon by 
atomic oxygen, yielding methane in considerable quantities as a reaction 
product. In this, the reaction 

(1) C2H6 + H -> CH4 4 CH3 

which takes place with an activation energy of ^ 7 kcal, as well as 

(2) C 2 IU + H C 2 H 5 + H 2 

with an activation energy of ^9 kcal, probably play a role.^ ( 1 ) is 
said to take place about about four times more rapidly than ( 2 ).® In 


* BoNHOEFFiiR, K.F., and P. Harteck, Z. physik. Chern., Sec. A, 139, 64 (1928). 

® Harteck, P., and U. Kopsch, Z. physik, Chem., Sec. B, 12, 327 (1931). 

® Geib, K.H., and P. Harteck, Z. physik, Chein.j Sec. A, 170, 1 (1934). Geib, 
K.H., and E.W.R. Steacie, Z. physik. Chem., Sec. B, 29, 215 (1935). C/. partic- 

ularly Geib, K.H., Ergeb. exakt. Naturw., 16, 44 (1935). Habil. schr., Leipzig, 1937. 
Taylor, H.S., and D.A. Hill, Z. physik, Chem.j Sec. B, 2, 449 (1929). v. Warten- 
BERG, H., and G. Schultze, Z. physik. Chem.j Sec. B, 2, 1 (1929). Cf. also the 
collective review by L. v. Muffling, and R. Macss, Z. Elektrochem., 44, 428 (1938). 
Further, Morikawa, K., W.S. Benedikt, and H.S. Taylor, J. Chem. Phys., 6, 212 
(1937). Steacie, E.W.R., J, Chem. Phys.j 6, 37 (1938). Steacie, E.W.R., and 
N.W.F. Phillipps, J. Chem. Phys., 4, 461 (1936); 6, 275 (1937). Trenner, N.R., 
K. Morikawa, and H.S. Taylor, J. Chem. Phys., 6, 203 (1937). 

^v. Hartel, and M. Polanyi, Z. physik. Chem., Sec. B, 11, 97 (1931). v. Bog- 
dandy, and M. Polanyi, Z. Elektrochem., 33, 554 (1927). H.S. Taylor and Rosen- 
blum [J. Chem. Phys., 6 , 119 (1938)] give about 11 kcal. 

This value of the activation heat is given by J.P. Cunningham and H.S. Taylor 
[/. Chem. Phys., 6, 359 (1938)]. 

® Harteck, P., Trans. Faraday Soc., 30, 134 (1934). 

« Steacie, E.W.R., and Philipps, Can. J. Research, 16, Sec. B, 303 (1938). 
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addition to methane, ethylene and acetylene are produced in small quan- 
tities. Analogous reactions probably occur in the higher hydrocarbons. ^ 

Hydrogen has a hydrating effect on ethylene; in addition, small 
quantities of acetylene are produced, while acetylene is hydrated to only 
a very slight degree. It catalyzes the recombinations of the H-atoms 
a great deal, however. An exchange with deuterium atoms also takes 
place, a sign that a lively reaction occurs but that it does not lead to 
hydration. Geib and Steacie therefore assume the following reactions 
(with D-atoms; the same conversions naturally appear with H-atoms, but 
it is not so easy to prove they are present) : 

C2H2 + D C2H + HD 
C2H + D -> CoHD 

or also, by reversing the order of hydration and dehydration, 

C2H2 + D C2II2D 

C2H2D + D -> C2HD 4 HD 

Pentane is reduced into lower fractions by atomic hydrogen, principally 
propane, in addition to C2H2, C2H4, and OH4. I'liesc reactions are 
probably typical for paraffins. In addition to hydration, benzol likewise 
experiences a disintegration into CH4, C2H2, and small quantities of 
C2H4 and C2H6. 

Our knowledge of that kind of reaction has been greatly advanced 
by the discovery of the heavy hydrogen isotope, deuterium; because^ 
with it, the presence of conversions that persist in an exchange of H-atoms 
may be proved analytically . ^ Ethane might also react with D-atoms 
according to 

C2H6 4- D -> Calls 4- IID 

with an activation energy of about 11 kcal. The activation heats thus 
computed are not very accurate; but, since we are especially interested 
in the reacitions in the flame where all reactions with activation heats 
of this order of magnitude take place extremely rapidly, a more accurate 
knowledge is not necessary. It is therefore certain that, under such 
conditions, hydrocarbons are rapidly disintegrated by H-atoms. It is 
not unlikely that analogous reactions would likewise take place with 
OH-radicals. Up to the present, direct investigations are lacking. 

^ For the reaction of the hj^drocarbons in general and the reaction of H-atoms in 
particular, see the lectures of the Faraday meeting in April, 1939 {Trans, Faraday Soc.^ 
August, 1939). According to Steacie (see the lectures) the above reaction (1), which 
was not very probable, can be omitted. In its place, reactions like C 2 H 6 4 H — > 2CH8 
are to be assumed at high H-atom concentration, and analogous reactions in the case 
of radicals with greater numbers of C-atoms. 

* Cf. also the abstract by K.H. Geib, Z. Elektrochem,, 44 , 81 (1938). 
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On the other hand, something is known about the reactions of the 
oxygen atoms, ^ and this knowledge derives from investigations on the 
effect on organic matter of 0-atoms pumped from a gas discharge. 
The succession of the ability to react of paraffins toward 0-atoms is 
the same as toward H-atoms. Methane is acted upon most powerfully. 
In pentane and hexane, the activation energy amounts to only about 
5 kcal. In benzol and acetylene, it is under 4 kcal. Attention has 
already been called to the chemiluminescence in these reactions. In the 
effect on pentane, the bands of OH and CH were observed; in benzol 
and acetylene, those of CC were also observed. As reaction products, 
H2O, CO, CO2, and H2 were found. Since the velocity of the oxidation 
of CO by atomic oxygen under the experimental conditions is known, 
however, it can be concluded from the fact that CO and CO2 frequently 
appear in about the same amounts that only about 5 per cent of the CO 
formed can have gone over into CO2 by direct oxidation with oxygen 
atoms and that therefore the main part of the CO2 must have been 
produced in a different manner, either by the disintegration of the 
intermediary products, e.g., HCOOH, or by the effect of OH on CO. It 
follows, at any rate, since these investigations have been carried out at 
room temperature and partly at the temperature of liquid air, that 
hydrocarbons are rapidly disintegrated by oxygen atoms under flame’ 
conditions. 

If assigning the Vaidya bands to the radical HCO should prove to be 
correct, it w'^ould follow^ that perhaps this radical also plays a role in the 
flame. The formation of an HCO-radical must be assumed in the effect 
of atomic hydrogen on CO in which formaldehyde and glyoxal are 
obtained as stable reaction products.^ According to this, it must be 
assumed that HCO is produced in only a fraction of the triple collisions 
of H and CO (about every five thousandth triple collision) and that it 
easily disintegrates spontaneously again.® It can then react in a triple 
collision with atomic hydrogen to form formaldehyde, insofar as no 
H2 + CO forms instead. In addition, 2 HCO in triple collision can 
either form glyoxal or furnish formaldehyde and CO. 

1 C/. Geib, K.H., cited p. 315. Harteck, P., and U. Kopsch, Z. physik. Chem., 
Sec. B, 12, 327 (1931). Geib, K.H., and P. Harteck, Ber. deuL chem. Ges.j 66, 1815 
(1933); Trans. Faraday Soc., 30, 131 (1934). 

2 Cf. Geib, K.H., cited, p. 315. Frankenburcer, W., Z. Elektrochem., 36, 757 
(1930). Farkas, L., F. Haber, and P. Harteck, Naturwissenschaflen, 18, 266 (1930). 
Farkas, L., and P. Harteck, Naiurwissenschaften, 18, 433 (1930). Farkas, L., and 
H. Sachsse, Z. physik. Chem.j Sec. B, 27, 111 (1934). 

* According to experiments by E. Gorin [Acta Physicochim. URSS, 8, 513 (1938)] 
and independent computations by C.E.H. Bawn [Trans. Faraday Soc., 34, 598 (1938)], 
an activation energy of 16 to 20 kcal is necessary for HCO disintegration, and this 
would indicate a considerable life span of HCO. Further experiments will have to be 
made on this reaction. Cf. also Gorin, E., J. Chem. Phys., 7, 256 (1939). 
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All reactions that take place with detectable velocity at low tempera- 
tures proceed with certainty at high temperatures. Insofar as there 
are no other still more rapid reactions, they must play a role in the 
total reaction in the flame. 

3. Flame Velocities. — Observations on flame velocities permit several 
further conclusions. The results of an investigation by Bone, Fraser, 
and Lake^ on the influence of acetylene on the flame velocity in an 
oxygen-hydrogen mixture are remarkable, for example. The addition 
of only 1 per cent of acetylene lowei^s the flame velocity by about 50 
per cent, w^hereas more acetylene raises it again. With 10 per cent of 
acetylene, there is a maximum of the velocity with a value that is twice 
as high as the flame velocity of a pure oxygen-hydrogen mixture. Par- 
ticularly the influence of the small amount of acetylene might be explained 
solely by the reaction velocity. It is reasonable to assume that H-atoms 
(and perhaps other active particles) that play a role in oxygen-hydrogen 
combustion and flame propagation are destroyed by the influence of 
the acetylene (cf. page 373). 

The normal combustion \"elocity of carbon monoxide is accelerated 
by small quantities of almost all organic materials investigated. Since 
it is known (cf. Chap. Ill, page 121) that the flame velocity of CO and 
the velocity of its slow” oxidation are greatly increased by small amounts 
of H 2 and H 2 O, the influence of organic substances can simply be attri- 
buted to the H 2 split off from these or to the H 2 O produced by combustion. 
It is quite conceivable that an especially high concentration of radicals 
(e.g.f of OH) prevails as the result of hydrocarbon combustion and that 
this is responsible for the acceleration of the combustion velocity of the 
CO. Information on this point, however, can be gained only by special 
experiments to determine these radical concentrations under various 
conditions (cf. the investigations by KondratjeAV on H 2 and CO oxidation, 
pages 323, 339). For the influence on the combustion velocity of CO 
by organic substances, cf. especially Hartmann.- 

The normal combustion velocity of hydrocarbons in mixture with 
air or oxygen always reaches its maximum for mixtures with a certain 
fuel excess. Parallel with this is the fact that the velocity of slow 
oxidation also generally reaches its maximum decidedly on the side of 
fuel excess (i.e.y the reaction in respect to the fuel is of essentially a 
higher order than corresponds to the stoichiometric equation). It is 
reasonable to assume that the conditions in the flame likewise reflect 
the influence of the reaction velocity, even though this is not proved as 
yet. The other possible explanation would be that in fuel excess the 

1 Bone, W.A., R.P. Fraser, and F. Lake, Proc. Roy. Soc. London, A, 131 , 1 (1931). 

* Hartmann, E., Dissertation at Karlsruhe, 1931, “Der Verbrennungsmechanis- 
mus des Kohlcnoxyds und seiner Gemische mit Gasen und Dampfen.” 
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possibility of the liberation of hydrogen and the formation of free hydro- 
gen atoms is probably greater than with a lack of fuel. Since on the 
other hand H-atoms diffuse especially rapidly and thus help to propagate 
the combustion, an acceleration of the combustion velocity would 
therefore result from fuel excess. This factor and that of the reaction 
velocity need not necessarily be independent of one another, since in 
both cases the influence of the H-atoms is decisive. An explanation 
would be possible only by a systematic analysis of the flame velocities — 
both experimental and theoretical. 

B. THE SLOW OXIDATION OF HYDROCARBONS 

1. General Remarks. — If hydrocarbons in mixture with air or oxygen 
at pressures that can range from 1 to several atm are raised to a moder- 
ately high temperature in a container, say, 200° to 300° or perhaps above 

(the temperature must be higher 
in paraffins, for example, the 
shorter the hydrocarbon chain of 
the molecule; in ethane, tempera- 
tures in the neighborhood of 
300°C suffice), then the follow- 
ing is noted: At first, there is an 
^^iiduciion period, which can 
vary Ix^tween seconds and hours 
depending on the experimental 
conditions and during which 
apparently nothing happens, at 
least insofar as the analysis is not 
extended to small traces. After 
that, of course without a sharp 
transition, the reaction begins noticeably and is accelerated. Finally, 
when a considerable portion has been reacted, it slowly dies down. Figure 
186 gives the course of conversion and reaction velocity in time. Thus we 
obtain the typical course of an auto-catalytic^^ reaction, i.e., a reaction 
whose velocity is increased by a product produced in the conversion itself 
until it finally dies down as the result of the destruction of the initial 
materials. Such a course of reaction differentiates itself from an explo- 
sion only by the fact that it docs not lead to a disturbance of the heat 
equilibrium and thus to a rise in temperature. Experimentally the 
process can be studied in various ways. The mixture can be put into a 
heated, closed reaction chamber and the conversion observed (a) by 
noting the pressure change during the reaction or (6) by an analysis of 
the reaction gas taken out at a certain time. Obviously, observing the 
reaction from the change in pressure alone is not very satisfactory, 



( Umsatz = conversion \ 

Reaktionsgcschwindigkeit = reaction velocity 1 
Zeit = time / 

Fig. 1 86. — Variation of conversion and 
reaction velocity with the time in hydrocar- 
bon oxidation, schematic. 
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especially since the latter differs according to whether the combustion 
3 delds primarily CO or CO2, which can be quite different for different 
stages of the reaction. In observing the reaction, it is simple to deter- 
mine the consumption of oxygen, the CO and CO2 formed, and also 
water; but it is more difficult to establish quantitatively other reaction 
products and intermediary products of an organic nature; and it is 
especially difficult, particularly in the higher hydrocarbons, to determine 
the consumption of the initial materials, which are, of course, of special 
interest. The information that various investigations yield on the course 
of the reaction is therefore to be judged quite differently according to 
the method of analysis employed. Determining the change in pressure 



Fig. 187. — Oxidation of various ethane-oxygen mixtures, change in pressure as the measure 
of conversion. [From Bone and Hill, Proc. Roy. Soc. London, A, vol. 129 (1930).] 

alone yields the fewest conclusions on the course of the reaction. Many 
experiments have been carried out with flowing gases, the mixture 
being led through a heated reaction tube and the escaping gases analyzed. 
Generally flow experiments are made at atmospheric pressure so that 
fewer variations are present than in static experiments in which the 
pressure too is varied. However, it is possible to work at increased or 
decreased pressure in flowing systems too, and such experiments have 
been made especially for higher pressures.^ 

The velocity of the oxidation of hydrocarbons can depend to a great 
degree on the condition of the chamber wall, as will be shown later in 
individual examples. In Fig. 187 from Bone and Hill, we present a 
typical course of the conversion in time as it has again and again been 

iPor example, by S.P. Burke, C.F. Fryling, and T.E.W. Schumann [Ind, Eng. 
Chem., 24 , 804 (1932)] at pressures up to over 100 atm. 
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observed in hydrocarbon oxidation. It concerns the oxidation of ethane 
measured by pressure changes. The induction times vary here, at 
constant initial pressure, from about 3 min to about 4 hr, depending 
on the composition of the mixture. The mixture richest in ethane is 
most capable of reaction. 

As intermediary products of the oxidation, aldehyde, and particularly 
formaldehyde, acids, and, in addition, all kinds of other products are 
obtained. Alcohols do not appear to belong to the normal intermediary 
products, but they can be obtained in considerable concentrations under 
certain circumstances.^ The role played in the course of the reaction 
by peroxide-like materials that could be demonstrated in small concentra- 
tion will be discussed later. A phenomenon connected with hydrocarbon 
oxidation that can be observed in the most varied materials is the 
appearance of a luminescence and the so-called ^^cold flames which were 
first observed by Perkin^ in the case of ether vapors in air and which have 
recently been investigated frequently and in detail (see pages 4S7ff.).^ 

2. The Kinetics of the Oxidation of Lower Aldehydes. — Aldehydes 
appear as intermediary products in the oxidation of all hydrocarbons 
and probably play an important role in their oxidation. We shall there- 
fore treat first what is known about the slow combustion of aldehydes. 

a. Formaldehyde . — Askoy® investigated the reaction of HgCO + O 2 between 320® 
and 400®. The reaction takes place by way of chains, since it is suppressed by the 
packing of the reaction chamber. 

Fort and Hinshelwood® find temperatures for (150 mm CH4 + 300 mm Ol>), 
(100 mm CH3OH + 200 mm O 2 ), and (200 mm UCHO + 200 mm O2), for which the 
half-life period for the conversion amounts to 5 min, or 470°, 442°, and 321®, respec- 
tively, as well as an apparent activation energy of 61.5, 62.5, and 20.6 kcal, respec- 
tively. The reaction is inhibited by packing; the formakltdiyde oxidation 

1 D.M. Newitt and J.B. Gardner [Proc. Roy. Soc. London, A, 164, 329 (1936)] 
observed alcohol formation in the slow oxidation of methane and ethane also at 
atmospheric pressure. For methane, they obtained 0.3 to 0.7 per cent of the burned 
gas as methanol. The ratio of methanol to aldehyde was between 0.08 to 0.21 ; in 
ethane, somewhat higher yields of ethanol and methanol were obtained. For propane 
oxidation, see p. 433. 

2 Perkin, W.H., J. Chem. Soc., 44 , 363 (1882). 

® White, A.G., J. Chem. Soc., 121, 2561 (1922). Emel:6us, H.J., J. Chem. Soc., 
1926, p. 2948; 1929, p. 1733. PREmRE, M. C/. the summary, L' inflammation et la 
combustion explosive en milieu gazeux, II, Les hydrocarbones. Act. set. et ind., No. 
105, Paris, 1934. 

* No induction period is noted in the oxidation of aldehydes at higher temperatures. 
Since, in addition, aldehydes are able to reduce the induction period otherwise appear- 
ing in hydrocarbon oxidation, it is at least not improbable that the decisive reaction 
during the induction period of the slow hydrocarbon oxidation is the formation of 
aldehydes, probably at the wall. 

® Askey, j., j. Am. Chem. Soc., 62, 974 (1930). 

• Fort, R., and C.N. Hinshelwood, Proc. Roy. Soc. London, A, 129 , 284 (1930), 
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becomes noticeable in the neighborhood of 300®. The lower apparent activation heat 
suggests that wall processes play a considerable role in formaldehyde oxidation. 

More recent investigations have been made by Bone/ Spence/ and Style.* Snow- 
don and Style have carefully investigated the reaction in the neighborhood of 3()0®C 
partly by gas analysis and parth'' by determining the formaldehyde concentration by 
the optical method.^ The experiments were made in a quartz container and were, 
as has been observed again and again, reproducible only if several experiments had 
been made in the container. Snowdon and Style can state their experiments (as 
well as those of Spence) by an expre>ssion 

(I) = fc[Al [A] -Cl 


in which A is the aldehyde and k and C are constants that can still depend consider- 
ably on the condition of the wall, especially C. The expression (I) can be derived 
from a mechanism that is similar to the one by Bodenstein to be discussed below 
(page 382). 


(1) A + X -> 2X ki 

(2) X + X — » end products k 2 

(3) X — > end products kz 


Thus two chain-breaking reactions (2) and (3) of Uio second and first order are 
assumed, of which the latter probably takes place at the wall. 'I'lio active substance 
app(^aring in it and in the chain-branching reaction (1) is probably of a peroxide 
nature (c/. pages 381^. below). The scheme above leads to the expression 


(11) 


dl 


A comparison of (I) and (II) shows the meaning of the empirical constants k and C. 
Numerical values {if the time is measured in minutes and the partial pressure for [A] 
is given in mm Hg} in an experiment at 344°C were k = 1.42 • 10“* and C == 29. 

CO, CO 2 , II 2 O, and perhaps H 2 , formic acid, and peroxide in very small quantities 
appear as reaction products. Intentional addition of CO inhibited the reaction some- 
what and led to increased CO 2 formation ; k and C change with the temperature, cor- 
responding to apparent activation energies of 25 and — 12 kcal. The opposite course 
of the temperature is to be employed in the form of (II). 

It is also possible to interpret the quantities of CO 2 formed in the reaction by the 
basic velocity expression if the latter is specialized in ihe following manner by the 
introduction of the peroxidic active materials CH 2 O 2 and CH 2 O 8 assumed by Spence: 


CH2O3 + CH2O 2CH2 O2 

-j-Oa 

CH2O2 4 - CH2O CO + H2O + CH2O3 
2CH2O2 2CO + 2H2O 

CH2O2 + ? -> CO2 

This scheme again leads to (I) but represents only a preliminary attempt. It is 
assumed that the active materials X are formed primarily at the wall and that in k 
there is present a further wall influence that is not yet clear. 

1 Bone and Gardner, Proc. Roy. Soc. London^ A, 164 , 297 (1936). 

* Spence, J. Am. Chem. Soc., 68, 649 (1936). 

•Snowdon, F.F., and D.W.G. Style, Trans. Faraday Soc., 36 , 426 (1939). 

• Slotin, L., and D.W.G. Style, Trans. Faraday Soc., 36 , 420 (1939). 
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Various treatments of the wall greatly influenced the reaction velocity. Treat- 
ment by hydrofluoric acid had an extremely inhibiting eflfect, whereas treatment with 
Hg had a greatly accelerating effect. 

Formaldehyde oxidation has also been investigated under the influence of light. ^ 
The reaction can be interpreted as oxidation of the aldehyde into formic acid with 
subsequent partial disintegration of the acid into CO + H 2 O and in a lesser degree 
CO 2 “h H 2 . On the mechanism of the reaction, little can be said. The quantum 
yield is in the neighborhood of 10 at 100°C, which would indicate a chain reaction, 
even though the photochemical disintegration of the formaldehyde® with a quantum 
yield of 1 probably does not take place by way of chains. Lewis and v. Kibe (cited 
page 386) discuss a mechanism for the reaction which takes stimulated formaldehyde 
molecules as its point of departure. 

b. Acetaldehyde , — The slow oxidation of acetaldehyde has, up to the 
present, been investigated most thoroughly, the first work being done 
by Bodenstein® and his associates. The reaction can be observed at 
low temperatures, below 100°C, from about 60° on. Peracetic acid 
CH3*C(C0)*00H appears as the chief reaction product at these tempera- 
tures. At higher temperatures, we should of course obtain disintegration 
products of this acid. 

The oxidation of aldehydes can also be observed at low temperatures 
in the liquid phase and has been investigated very carefully. In this 
connection, the phenomenon of ‘^negative catalysis is observed; f.e., 
some materials added in small quantities diphenylamine) can 

greatly inhibit the oxidation. The most natural explanation is that we 
are here dealing with a chain reaction with relatively long chains that 
can be broken off by the added substance.^ That this explanation 
is correct has been direct tly verified experimentally by Backstrom by 
having the same reaction (oxidation of benzaldehyde) take place in the 
dark and in light. The ratio of the number of converted molecules to 
absorbed quantums yields the extent of the reaction chain. 

In the aldehyde oxidation in solution, we are dealing with a typical 
“auto-oxidation process.’’ By this, the following is meant:^ A substance 

1 Patat, F., Z. physik. CJiem., Sec. B, 25, 208 (1934); Z. physik. Chem., Sec. B, 
27, 431 (1934). Nokuish, H.G.W., and Kirkbride, J. Cham. Soc., 1932, p.* 1518. 
Carruthkus and Norrish, Trans. Faraday Soc., 32, 195 (1936); J. Chem. Soc.j 1936, 
p. 1036. Cf. also Gorin, E., J. Chem. Phys., 7, 256 (1939). 

® Quoted p. 380. 

^ Bodenstein, M., Z. physik. Chem., Sec. B, 12, 151 (1931); Silzher. preuss. Akad. 
ITm. physik. math/Klasse, 1931, p. 73. 

* CiiRLS'fiANSEN, J.A., J. Phys. Chem., 28, 145 (1924). Backstrom, J. Am. Chem, 
Soc., 49, 1460 (1927). Backstrom and H. Alyea, J. Am. Chem. Soc., 61, 90 (1929). 
BackstrOm, Z. physik. Chem., Sec. B, 25, 99 (1934). Cf. also Semenofp, N., ‘‘Chemi- 
cal Kinetics and Chain Reactions. Backstrom and Beatty, J, Phys, Chem., 35, 
2530 (1931). Backstrom, Trans. Faraday Soc., 24, 601 (1928). 

® Engler, C., and J. Weissberg, “Vorgange der Autoxydation,'^ Brunswick, 
1904. Engler and Wild, Verb, naturvnss. Ver, Karlsruhe, 13, 71; 20, 11 (1896); 
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A forms an intermediate peroxide vnih. oxygen 

(I) A + O 2 -> AO 2 

The peroxide, the auto-oxidizer, oxidizes a molecule of the ''acceptor'' 
B, while it is reduced itself 

(II) AOa + B-^AO + BO 
eventually followed by 

AO + B A + BO 

If no particular acceptor B is present, the following reaction can take its 
place: 

(III) AO 2 + A 2AO 

According to Semenoff (cited page 404), a somewhat more general form 
of the auto-oxidation theory is obtained^ if it is assumed that not neces- 
sarily an initial substance readily accepts O 2 , but that an intermediate 
or terminal product of reaction, perhaps X, can come into consideration 
just as well and react to form a peroxide 

(!') X + O 2 XO 2 

-which then oxidizes a molecule of the initial material according to 

(III') XO 2 + A XO + AO 

For the oxidation of benzaldehyde, Backstrom and Beatty (cited page 
380) suggest the following reaction mechanism: 

(1) CeHsCHO C 6 H 5 CHO* 

in which CeHsCHO* is to represent a stimulated molecule 

(2) CgHsCHO* + 02-> C 6 H 5 CHO O 2 * 

(3) C6H5CH0-02* + C 6 H 5 CHO C6H5CX)3H + CeHsCHO* 

in which CeHsCOsH is the oxidation product, perbenzoic acid. In this, 
the essential fact is not that the individual compounds given above appear 
(a stimulated molecule that differs from the normal only by its energy 
content generally has a very short life and is not very likely as an inter- 
mediate product, since it does not differ from the normal in its chemical 
constitution); it is solely important that a corresponding succession of 

Ber. deut. chem, Ges., 30, 1669 (1897). Bach, CompL rend,^ 124, 951 (1897). Statj- 
DiNGER, H., Ber, deut, chem. Ges., 63, 1075 (1925). Mourbu, C., Tram, Faraday Soc.j 
24, 707 (1928). 

^ This conception was also essentially presented by Engler by his assumption of 
** indirect auto-oxidizers. '' 
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reaction phasee takes place — an activated product formed from the alde- 
hyde which is able to attach an oxygen molecule, and an initial molecule 
oxidized with regeneration of the activated compound. It can be shown 
directly by experiment^ that benzaldehyde during its oxidation exercises 
a much stronger oxidizing effect on added foreign substances than the 
perbenzoic acid. Hence an intermediate product of especially high 
oxidation power must have been formed. 

For the oxidation of liquid aldehyde, Backstrom^ later suggested the 
following series of reactions: 


( 1 ) 

( 2 ) 

(3) 

(4) 


RC 


TT 

ly/ activation 


H 






o 




H 




RC^O- - + RC< 

\ ^0 


n/: 


H 


RCf-OH + R— C 




0 


.<■)— n 


RC<^ + O, ^ RC^ 


/C)— (>— 

RC/ 

^0 


+ R-C 


\ 


O 


yO—O—ll y 
R-c/ + RC/ 


The really activated substance here is therefore a radical R — C;^ 
(cf. Ubbelohde’). 

Even though details of this scheme vdll probably have to be modified, 
the characteristic features will remain and the results of the solutions 
suggest certain conclusions for the reaction in the gas jjhase. 

For the oxidation of acetaldehyde in the gas phase between 50° and 
90°, Bodenstein (cited page 380) found the following velocity expression : 


d[V] ^ hku[AY 
dt Em + h 


in which P is the peracetic acid formed and A the aldehyde. The signs 
for the constants correspond to the reaction scheme by Bodenstein, which 
is given below. To derive this reaction scheme, Bodenstein assumed the 
following reactions: 


* According to Semenoff (cited p. 404), Bach and Engler had already noted this, 
and this observation has been substantiated by recent investigations by Jorissen and 
van der Beck \Rec. trav. chim., 49, 138 (1930)]. 

• B/LCKSTBbu, H.L.J., Z. physik. Chem., Sec. B, 26, 99 (1934). 

« Ubbblohde, A.R., “The Science of Petroleum,” Vol. IV, pp. 2937/., Oxford, 
1938. 
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(1) 

A — A' 

ki 

(2) 

A' + O 2 P' 

k2 

(3) 

F-^A' + O* 

kt 

(4) 

P' + A ^ P + A' 

ki 

(5) 

F + O 2 P + O 2 

k. 

(6) 

F^P 

k. 


The symbols are as follows: 


A acetaldehyde; A' an activated molecule produced by it; P' an intermediary 
product rich in oxygen; P peracetic acid. 

Specifically it can be assumed 

/O — 

CH3-C^ for A' 

\h 

CHs-C^H^O for P' 

In regard to this scheme, it should be noted that, for one thing, it adapts 
itself to the more general form of the auto-oxidation reaction according to 
Semenoff (which was suggested later than this scheme by Bodenstein) 
and that, for another thing, it has much in common with Biickstrom's 
scheme for aldehyde oxidation (likewise suggested later. The apparent 
activation energy of aldehyde oxidation is very low 10 kcal), for which 
reason only a wall reaction could probably come into consideration for 
the primary activation of the aldehyde with the “building up^^ of double 
bonds. In connection with reaction (5), the deactivation of P'-molecule 
in collision with oxygen, it is to be noted that it must be introduced 
because only by chain-breaking with oxygen can the member A -602 in 
the denominator of the empirical velocity relation be preserved; other- 
wise a ^reaction of that kind would not be likely. As Bodenstein^s 
experiments with renewed oxygen addition after a certain reaction time 
show^, the oxygen inhibition reproduced by this is absolutely certain. 
It should only be kept in mind that this inhibition is caused not by 
deactivation but by possible influencing of the wall (page 385). Later 
experiments by Bodenstein and Jesse ^ have shown that the aldehyde 
oxidation is greatly dependent during its course on the condition of the 
wall of the container. In addition, there was a certain induction period 
even with the purest products; further, an induction period always 
resulted when no peracetic acid was in the reaction chamber. A great 
inhibition of the reaction is effected by diethylamine; the effect of 
aniline, diphenylamine, etc., is not so great. 

1 JusBE, H., DissertB,tion at Berlin, 1934. 
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Acetaldehyde oxidation was further investigated by Hatcher, Steacie, 
and Howland^ and by Pease.^ The results of Steacie and his collabora- 
tors vary somewhat from those of Bodenstein, but not to an important 
extent. The reaction velocity is proportional to the 1.7th power of the 
aldehyde concentration (as opposed to the second power in Bodenstein) 
and is independent of the oxygen concentration. The differences can 
probably be attributed to the influence of the wall. According to 
Steacie, aldehyde oxidation normally shows a decided induction period 
for the explanation of which he assumes, after similar experiences with 
propionicaldehyde (c/. page 389), that the wall prevents the development 
of chains until it is poisoned by reaction products. In general, the 
induction period in aldehydes is much less definite than in hydrocarbons; 
sometimes it is absent altogether. When it is present, however, the 
general experience is that the reaction is more rapid and that the induc- 
tion period is shortened or disappears entirely when several experiments 
are carried out in the same reaction chamber. In any case, therefore, the 
condition of the wall is a deciding factor. However, it is uncertain 
whether such places are poisoned by adsorbed reaction products, which 
would otherwise have broken off chains, or whether, conversely, reaction 
products® remaining adsorbed on the wall are responsible for inducing 
the reaction chains. By very careful cleansing or long evacuation of 
the reaction chamber, the influence can again be prevented.^ 

The reaction mechanism suggested by Steacie® to explain these 
phenomena follows Bodenstein^s. It is modified only by dropping the 
member that represents the oxygen inhibition. 

A.R. Ubbelohde (cited page 382) assumes that Backstrom^s scheme 
given above for aldehyde oxidation in solution (cf. page 382) is also valid 
for the gas phase, and he also bases upon it particularly hydrocarbon 
oxidation (c/. page 493). 

Since the radical appearing in the first reaction continues to react 
only according to (2), we could, instead of (1) and (2), also consider the 
reaction 

/H /H . 

(2') 2RC< -> RC^OH + RC^ 

^0 \ ^0 

1 Hatcher, W.H., E.W.R. Steacie, and Howland, Can. J. Research^ 6, 648 
(1931); 7, 149 (1932). 

* Pease, Il.N., J. Am. Chem. Soc.j 66, 2753 (1933). 

® Experiments by Jesse support this view (p. 383). According to them, peracetic 
acid is of influence. 

* Prettre^s experiments on oxygen-hydrogen mixtures are of interest regarding the 
condition of the wall. 

* Steacie, E.W.R., W.H. Hatcher, and S. Rosenberg, J. Phys. Chem.y 38, 1189 
(1934). 
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and nothing would be formally changed in the result. The above scheme 
yields a static reaction velocity only if a chain-breaking reaction is 
added. As such we shall, following Bodenstein, add the deactivation of 
the peracid radical at the wall 

✓0 — O — 

(5) + wall —> deactivated 


It will be necessary, in addition, to assume that this radical reacts with 
materials adsorbed at the wall. 

If we designate the products appearing in this scheme in the following 
manner: 


RC 


RC^ with A 

0 — 0 — 

RC< with P' 




H 


wdth A' 


and 


Rc/ with A" 
0— 0— H 

RC^ with P 


The following relations will result from Eqs. (1) to (5) as conditions for 
stationarity:^ 


d[A'] 

dt 


= 0 


d[An __ 

dt 


and 


din 

dt 


= 0 


And from this with Eqs. (1) to (5), in which the constants are to be 
correspondingly numbered. 




[A"| - 


kiHM + hUAr 


A*3A*5[02] 

from which the reaction velocity is obtained as follows: 


[p'l = 


dt 


= uniA] = 


kiHAY 


( 2 ) 


Thus we obtain the dependence on the aldehyde concentration as Boden- 
stein found it and the independence from the O 2 concentration as Steacie 
and his associates observed it. The dependence on the 1.7th power 
of the aldehyde concentration found by Steacie could be interpreted by 
an influence of the wall condition on one or more of the participating 
processes. The chain-breaking at the wall, for example, is greatly 
dependent on the condition of the wall, and the latter as a result of 
adsorption again is dependent on the composition and pressure of the 
gases. Further, the reaction (1) is certainly very endothermic (the 

difference in the energies of the = 0 and of the bond might 


^ For computation, cf. Chap. VIII, p. 260. 
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amount to about 90 (?) kcal). However, since the activation energy 
of the total reaction amounts to only about 10 kcal, the above mechanism 
could be brought in harmony with the experiments only if reaction (1) 
took place in some form at the wall. Then, however, an exact dependence 
of the total reaction velocity on the second power of the aldehyde con- 
centration could be expected only in case of weak adsorption. By the 
various surface effects, the inhibition by oxygen observed by Bodenstein 
and not appearing explicitly in (2) could probably also be explained. 

Insofar as the assumption of a chain break (and probably also chain 
induction) at the wall is correct, a very complicated dependence of 
the reaction velocity on the condition of the wall as well as of the dimen- 
sions of the chamber is to be expected, and this might also explain the 
partially contradictory experimental results of the various authors.^ 

Semenoff (‘^Chemical Kinetics and Chain Reactions,’’ page 357) points out that, 
instead of the velocity expression indicated, the simple expression w — const can be 
applied to Bodenstein’s experiments. He gives Table 67 according to an experiment 
of Bodenstein’s; the reaction velocity w is measured by the change in pressure dp/dt* 
[A] represents the partial pressure of the aldehyde, [O 2 ] that of the oxygen, and k the 
constant from Bodenstein’s equation 

_dp _ MAY 
~ dl [Ojf+TSO 

in which [P], [A], and [O 2 ] are expressed by the partial pressures at experimental tem- 
perature in millimeters of bromonaphthalene. 

Actually the velocity itself changes less in the course of the conversion than does 
Bodenstein’s velocity constant k. Semenoff points out further experiments by 
Bodenstein in which the reaction velocity seems to be dcitermined more by the alde- 


Table 67. — Aldehyde Oxidation at 80°C (From Bodenstein) 



w = dp/dt 

|A] ! 

Bromona 

mm 

1 [0.] 
jhthalene 

mm 

k • 10^ 

120 

0.175 

177 

127 

14 

240 

0.167 

157 

107 

17 

360 

0.167 

142 

92 

20 

420 

0.167 

132 

82 

22 

480 

0.175 

122 

72 

23 


hyde concentration at the beginning of the experiment than by the momentary alde- 
hyde concentration. He thinks, therefore, that the aldehyde oxidation represents a 
special kind of dege erated explosion like acetylene oxidation but in contrast to that 
of methane and ethane. 

In his book, Semenoff has formally treated cases of explosions in which a constant 
reaction velocity follows an exponential rise in velocity (the induction period) ; that 

^ C/. the effect of a wall coated by KCl on oxidation and the formation of peroxide 
found by R.N. Pease [J. Am. Chem. <Soc., 66, 2753 (1933)]. 
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would therefore be exactly the same that is observed in the case of acetaldehyde oxida- 
tion. How far, however, the special assumptions made in this connection can be 
realized in nature and whether anything of the sort is present, especially in the case of 
acetaldehyde, is naturally not indicated by this. 

Bowen and Tietz^ have investigated the oxidation of acetaldehyde in light at room 
temperature. The reaction velocity was found to be proportional to the root of the 
light intensity and the first power of the aldehyde concentration, independent of the 
concentration of the oxygen. As reaction products, peracetic acid and — probably 
derived from this — diacetyl peroxide appear: 

CTI 3 COO 2 COCHS 

Lewis and v. Elbe,® following Bowen and Tietz, give the following scheme, which 
interprets the findings: 


(1) CH3 CHO CII3 4- HCO r 

(2) CH3 + CH3CHO -► CH4 + CH.vCO - k2 

(3) CH3CO - -f O2 CH3CO O2 ~ h 

(4) CH3CO O2 - + CH3CHO -► CH3 CO OOH + CH3CO - ki 

(5) 2(Tl3C0 02 ► CH 3 COO 2 COCH 8 + O 2 ki 


The radical HCO produced according to (1) could likewise continue to react with 
a fresh aldehyde molecule or also with oxygen. The scheme h'ads to a velocity 
expression 


d[CH3.C(0)02Hl _ , 



[CHa-CHO] 


in which 1 is the number of the light quantums absorbed per second. Such a root 
relation always results when a molecule under the influence of an absorbed light 
quantum disintegrates into two fragments whose static concentration is determined 
by this photodissociation as well as by the recombination. The basic mechanism is 
quite plausible, and the agreement of the velocity expression derived from it together 
with experimental findings indicates with considerable certainty that a radical chain 
mechanism ac.tually is present. 

Alcohol inhibits the photochemical aldehyde oxidation in hexane solution; the 
velocity is then proportional to the first power of the light intensity. Iron carbonyl 
inhibited the reaction a great deal; when the light was turned on, a white fog appeared. 
At the end of an induction period, the reaction set in with almost unreduced velocity; 
in the reaction chamber, a red powder (Fe 203 ) was found. This suggests that iron 
carbonyl is combined in chain-breaking and that when all of it is consumed the reac- 
tion takes place just as it would without addition. Selenium diethyl and ethyl iodide 
inhibited the reaction without causing an induction period. 

Lead tetraethyl vapor remained without influence; the latter result is perhaps not 
entirely unexpected if we know’ (page 498) that, even at higher temperatures, Pb(eth )4 
is effective only after it has disintegrated and even oxidized. 

The oxidation of acetaldehyde and of benzaldehyde is inhibited by 
octane, a finding that is interesting because we can understand the 
action of the higher olefins in oxidation and in knocking only if we 

^ Bowen, E.M., and E.L. Tietz, J. Chem. Soc., 1940, p. 234. 

® ‘'Combustion, Flames and Explosions of Gases,'' to which we also refer for 
further discussion. 
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attribute to them chain-breaking effects (cf. Chap. XII), This assump- 
tion is proved directly by existing findings.^ 

**Cold Flames** in Acetaldehyde. — Since acetaldehyde is assumed as an inter- 
mediary product in hydrocarbon oxidation and its influence on the induction period 
and the formation of '‘cold flames” {cf. page 442) has been known, Aivazov^ investi- 
gated the action of acetaldehyde by itself in greater detail, since only qualitative 
results existed.® For these experiments, aldehyde-02 mixtures were prepared in the 
dark, since they easily oxidized in the light even at room temperature. The range 
for cold flames and for normal ignition is shown for C2H4O + 0.7502 by Fig 188. 
Induction periods for cold flames, n, as the function of the temperature arc shown 
for the same mixture at 200 mm pressure by Fig. 189. The empirical relation 



Fig. 188. — Range for cold 
flames (dashed line) as well as 
for normal ignition (solid line) 
for I acetaldehyde -f- 0.7502. 
{From Aivazov.^) 



Fig. 189. — Induction peri- 
ods for the formation of cold 
flames in 1 acetaldehyde + 
O. 75 O 2 for various tempera- 
tures. {From Aivazov.*) 


g-7/r.^^ = const, with -v = 24,000° is valid here; the apparent activation energy is 
thus 48 kcal. 

Under certain conditions, the cold flame can pass over into a normal flame, as in 
hydrocarbon. The induction period observed for the hot flame (from the appearance 
of the cold flame up to ignition) was rather short (< 0.1 sec) and increased with the 
temperature while it decreased regularly with the pressure, as it also did with increas- 
ing aldehyde concentration. 

The reaction outside the range of the cold flames is connected with a drop in pres- 
sure. In cold flames, analogous to hydrocarbons, there is a rise in pressure followed 
by a drop in pressure as the result of cooling, which is followed by a further drop in 
pressure falling below the initial pressure which must be due to the chemical reaction. 
In the transition of the cold flames to a normal ignition, a further rise in pressure 
follow’s. 


1 PiGULEvsxii, V.V., J. Gen. Chem. USSRy 4 , 616 (1934), according to C. Ellis, 
"The Chemistry of Petroleum Derivatives,” New York, 1937. 

* Aivazov, B.V., Acta Physicochim. URSSj 8 , 617 (1938). 

® Baron, M., and P. Laffitte, Compt. rend., 206, 52 (1937). 

* Aivazov, B.V. Acta Phisicochim. URSS, 8 , 617 (1938), 
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c. The Oxidation of Propionicaldehyde. — ^This reaction, which has been investigated 
by Steacie and his associates, ^ takes a course similar to the oxidation of acetaldehyde 
but seems to show fewer complications. It was observed between 120® and 170®C 
by conducting aldehyde and oxygen separately into a heated pyrex chamber with a 
content of 200 cm^ and observing the change in pressure. Altering of the reaction 
chamber was shown to have no influence on the reaction velocity. If the reaction 
partners were mixed outside the reaction chamber in the presence of an Hg manometer, 
the reaction velocity was decreased. The conversion is connected with the decreasing 
pressure, which at its maximum amounted to about 73 per cent of the aldehyde partial 
pressure; after that, a slight increase in pressure again appears. The relative decrease 
in pressure is constant and independent of the experimental conditions if the aldehyde 
partial pressure is not appreciably under 8 cm Hg and the ratio of O2: aldehyde is 
not appreciably under 1, As the standard of velocity, the time for a pressure decrease 



Fig. 190. — lleuctiori velocity of propionaldehydc with oxygen for various aldehyde 
pressures (cm Ilg). Time in which drop in pressure rises from 15 to 30 taken as a measure 
of the reaction velocity. {From Steade.X) 

of 15 to 30 per cent was taken. Figure 190 gives the reaction velocity at 150.8°C; 
here Un — /is (in minutes) is plotted as a function of the relation of oxygen to aldehyde 
for various aldehyde partial pressures. For O2 concentrations that are not too low, the 
reaction velocity can be represemted by 


d[C2H,C HO] 

dt 


kic^R.cnov 


The temperature dependence of the reaction velocity was determined for aldehyde 
partial pressures of 20, 12, and 8 cm Ilg; and apparent activation energy of an average 
of 15.4 kcal resulted. 

More detailed analyses of the reaction products were also made which, in two 
experiments with O2: aldehyde ratios of 1.16 and 1.35 at 150.8°C, fitted the following 
conversion equations: 

(a) IC2H6CHO + O.98O2 - O.IICO2 4- 0.05CO + O.I6H2O + O.SeCsHfiCOsH 

+ O.28C2H6CO2H 

(b) IC2H6CHO + 0.8702 = O.I3CO2 + 0.05CO + O.I8H2O + O.3OC2II6CO3H 

+ O.46C2H6CO2H 


^Steacie, E.W.R., W.H. Hatcher, and S. Rosenberg, J, Phys, Chem,y 38, 
1189 (1934). 
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Direct titration of the reaction products yielded about one molecule of acid to onS 
molecule of aldehyde that had disappeared. Titration of the iodine liberated by the 
reaction products from the K1 solution (for determining peracids) showed that about 
50 per cent of the total acids consisted of peracids. 

The chief reaction is therefore 

C 2 H 6 CHO 4- O 2 CjHbCOOOH 

In addition, small quantities of esters were produced. Fichter and Krummenacher^ 
had shown that ethyl propionate is a decomposition product of perpropionic acid. 

Increasing the surface six times (by packing the reaction chamber with short 
pieces of pyrex tubing) led to a complete change of the reaction mechanism. The 
reaction now led to a 15 per cent rise in pressure. In the empty reaction chamber, a 
rise in pressure finally followed the drop in pressure during which considerable quanti- 
ties of CO 2 were produced. In the reaction connected with the rise in pressure in 
the packed chamber, CO 2 is likewise preponderantly produced. It is therefore 
reasonable that this is due in both cases to a surface reaction. 

The reaction equation found 



can be represented by the scheme indicated earlier (page 386); Steacie himself sug- 
gests a somewhat different mechanism (c/. the original). 

d. The Oxidation of Glyoxal. — Glyoxal, a dialdchyde CHO-CHO, appears as the 
reaction product of the oxidation of acetylene* and possibly also plays a role in other 
oxidation reactions. The investigation of its action in oxidation is therefore of more 
general interest. The investigation by Steacie, Hatcher, and Ilorwood'^ showed the 
following: The reaction, which could be followed from about 150° to 220° and which 
has been investigated more carefully at the latter temperature, is conm^cted with a 
rise in temperature dependent on the initial composition and leads to CO, CO 2 , H 2 O, 
and glyoxalic acid as stable terminal products, among which peroxidic substances 
are proved to be present. The results of a series of analyses can be represented by 

C 2 H 2 O 2 + O. 72 O 2 = O. 37 CO 2 -f I.IOCO + 1.04 condensate, 

in which the condensate consists of water and glyoxalic acid. The reaction was 
observed by the pressure changes (that this was permissible was proved by special 
analyses) ; it shows a short induction period. At the beginning of a seri(is of experi- 
ments in a new reaction chamber, a decided aging effect of the surfaces could be noted; 
the reaction velocity rose from experiment to experiment and was constant only after 
about 30 measurements. This is an effect noted again and again in the oxidation of 
organic substances. For the reaction velocity, the following empirical expression 
was found: 


_ = const [CjH 20 s 1 ‘ « 

^ Fighter and Krummenacher, IJelv. Chirn. Acta, 1, 146 (1918). 

* Kistiakowsky, G.B., and S. Lenher, J. Chern. Soc., 62, 3785 (1930). Kisti- 
AKOWSKY, J, Chem. Soc., 62, 4837 (1930). Lenher, S., J. Chem. Soc., 63, 2962 
(1931). 

3 Steacie, E.W.R., W.H. Hatcher, and J.F. IIorwood, J. Chem. Phys.j 3, 551 
(1935). 
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Here the standard of velocity chosen was the time during which the increase in pres- 
sure rose from 20 to 40 per cent; at 220®, a glyoxal pressure of 20 cm Hg, and a ratio 
of 02:C2H202 ** 1.19, the time required was about 7.5 min. 

By packing of the reaction chamber with pieces of pyrex tubing, the course of the 
reaction is again considerably changed. With an enlargement of the surface by 
five to six times, the reaction velocity dropped by about half. At the same time, the 
rise in pressure at completed reaction is reduced and the ratio C 0 :C 02 in the gaseous 
reaction products is reduced from about 3.0 to 1.7. 

Steacie and his associates conclude, from the relatively weak reduction of the 
reaction velocity by packing and from the fact that additions of nitrogen do not 
noticeably accelerate the reaction velocity, that the wall is not the essential chain- 
breaking factor. According to the results of Kassel and Storch (cited page 273) and 
Lewis and v. Elbe (cited page 273), which were not yet known at the time of Steacie's 
work and which deal with the influence of the wall and its small chain-breaking effect 
(c/. Chap. VIII, page 276), these deductions are not conclusive. Rather the diffusion 
of active particles to the wall with very small breaking probabilitj" at the wall is no 
longer velocity determining, and the reaction velocity is therefore independent also 
of the addition of foreign gases even if the chains are broken exclusively at the wall. 
Bodenstoin and Winter^ were able to show that a similar situation prevails in chlorine- 
oxygen-hydrogen reactions. Foreign gases were ineffectual in spite of chain-breaking 
at the wall. The breaking probability per impact on ;Jio wall, c, was found to be 

10 “^ 

The following reaction is suggested for the formation of glyoxylic acid: A peracid 
that is formed in the primary stages and cannot be isolated reacts according to 

COOOH CHO 2COOII 

I + I I 

CHO CHO CHO 

That oxalic acid does not appear as a reaction product is in agreement with experi- 
ments by Hatcher and Holder^ on the oxidation of glyoxylic acid in solution with 
H 2 O 2 in which no traces whatever of oxalic acid appear. 

The reaction mechanism is assumed to be analogous to that of other aldehydes. 

e. General Remarks on Aldehyde Oxidation , — We shall discuss the 
conditions in the oxidation of higher aldehydes in connection with hydro- 
carbon oxidation. We can put down the following as the general result 
of the investigation of the oxidation in lower aldehydes: Even for these 
simplest of oxidation reactions of organic material in the gas phase, the 
mechanism cannot be regarded as having been clarified in all its details. 
The difficulties, however, lie in the nature of the case — multiplicity of 
the possible reaction products, both intermediary and terminal, non- 
predictability of the wall influences, and impossibility of a direct observa- 
tion of short-lived, active intermediary products. Since there is no 
prospect of an elimination of these difficulties in the near future, this 
condition must simply be accepted and an attempt made to look for 
laws that can be stated without special assumptions on the nature of 

^ Bodenstein and Winter, Ber, preuss, Akad. Wiss.^ 1936, I. 

* Hatcher, W.H., Trans. Roy, Soc, Can., (3), 19. 11 (1926).. 
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the intermediary reaction products, or at least with a minimum of such 
assumptions. 

On the one hand, the formal mechanism is to be explained, namely, 
a reaction velocity almost independent of the oxygen concentration, 
perhaps even inhibited by oxygen as well as by dependence on about the 
second power of the aldehyde concentration, characteristics that will 
recur in a similar manner in many oxidation reactions of organic mate- 
rials. On the other hand, the observed influences of the wall must 
be taken into account, namely, (a) perhaps a catalytic reaction at the 
wall that can lead to products other than oxidation in the gas phase and 
(6) an influence of the chain reaction in the gas phase by chain induction 
and/or chain-breaking at the wall. For the first, we shall have to con- 
tent ourselves with giving the influence of the wall qualitatively, since 
the experimental material does not justify any further conclusions. It 
can be assumed as fairly certain that we are dealing with chain reac- 
tions in the oxidation of organic material. In aldehyde oxidation in 
solution, this may be considered absolutely certain. For the gas phase, 
hardly any doubt exists, since we have reported so much material — the 
wall influence alone is quite convincing — and further facts will be found 
in the following pages. 

The assumption that free radicals decidedly take part in the reaction 
chain seems plausible but has of course not been proved. It might be 
diflicult to prove directly, because a spectroscopic proof for the small 
concentrations to be expected is difficult and might be rendered com- 
pletely impossible by the auto-absorption of the aldehyde in the ultra- 
violet as well as by the absorption of the peracids and other reaction 
products.^ There is, however, a considerable amount of indirect evi- 
dence for a participation of radicals. Fundamentally only products 
that are slow to react survive as stable products and can be submitted 
to analyses. Those products, therefore, which can be proved to be 
present are the very ones that are of minor importance as active inter- 
mediary products. Free radicals, however, certainly play a role as active 
intermediary products in many disintegration reactions of organic 
materials, 2 as can be seen from both photochemical experiments and 
experiments with added parahydrogen (cf. in this connection page 371). 
On the other hand, in the oxidation of hydrogen, it is quite certain 
that free radicals take part, H-atoms and 0-atoms, the radicals OH and 
HO 2 . For high temperatures, the participation of H and OH is directly 
proved (pages 321^.). Since in addition the oxidation of oxygen- 

^ For absorption of the individual substances and reaction products, cf, Egerton 
as well as A.R. Ubbelohde, cited p. 399. 

2 Cf. the compilation by L. v. Muffling and R. Maess, Z, Elektrochem,, 44 , 428 
(1938). 
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hydrogen has, in its entire behavior, much in common with the oxidation 
reactions of organic materials, the conclusion is at least reasonable that 
free radicals also take part here. Since, further, peroxidic substances 
especially at low temperatures are to be regarded as reaction products, 
the assumption made by almost all authors that radicals attach molecular 
oxygen to a peroxide radical likewise has much in its favor. With all 
this, however, nothing is said about the structure of these radicals. In 
the following, without expressedly mentioning these reservations, we 
shall operate with radicals as they are assumed by Bodenstein, A.R. 
Ubbelohde, the author, Lewis and v. Elbe, and others, namely, 

/ 

RC— O— RCC etc. 

\ ^0 

which then react further to 

yO—0— 

RC;^ etc. 

It must be emphasized, however, that the essential point is whether 
the radicals participate and their reaction with oxygen, not the special 
structure of the radicals. Insofar as it should seem practical in the 
course of future investigations to introduce radicals of somewhat varying 
structure, most of the conclusions here drawn will continue to stand. In 
the following section, we shall present what is known about the energies 
of individual bonds of organic molecules and the most probable energies 
of various radicals, from which the estimates of the heat energies of the 
individual radical reactions will then be obtained. 

As plausible reactions, only those will be admitted which on the one 
hand are reasonable in energy and w'hich on the other hand do not con- 
tain any too complicated rearrangements in a single stage. Thus, for 
example, conversions like the following are plausible : 

R CHa + H RCH2 + H2 
or the reaction assumed earlier 

0 - 0 - 

licc + 02 -> rc 4 

(perhaps in a triple collision) and similar conversions. In the latter 
case, it should be considered whether the attachment can take place in a 
double collision or whether, as is the case without exception in the 
recombination of atoms, a triple-collision partner is necessary that is 
able to take up a part of the reaction energy. According to theoretical 
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considerations by Kimball,^ which are convincing in themselves, a triple- 
collision partner can be the more readily dispensed with the more com- 
plicated the molecule, because the reaction energy can be distributed 
over a great number of internal degrees of freedom. It will therefore 
be necessary to take into account the possibility of double-collision 
association in the recombination of organic radicals and perhaps also 
in the attachment of molecular oxygen to them. 

Reactions like a “hydroxilation^^ according to Bone, that are pro- 
duced by reaction with molecular oxygen in one division from the 
original molecule of a hydrocarbon hydroxilated product like 

CH4 ^ CH3OH etc. 

must be viewed as decidedly improbable. Reactions of that kind can 
certainly be eliminated from a list of conceivable intermediary reactions. 

As a conclusion from the experiments on aldehyde oxidation, which 
we shall utilize for the oxidation of hydrocarbons, we can, we think, 
assume that (1) there is a chain reaction, (2) free radicals probably 
participate in this chain reaction, and (3) one or more of these radicals 
react with molecular O 2 to form peroxide radicals that take a decisive 
part in the course of the reaction. The wall, probably in several respects, 
plays an essential role under the conditions of slow oxidation, but quanti- 
tative data are for the present out of the question. 

3. Decomposition of Carbohydrates, as Well as of Intermediate Products of 
Combustion. Absorption Spectra, a. Decomposition of Organic Matter.^ — Since 
almost all organic compounds disintegrate in themselves at the temperatures reached 
during oxidation of carbohydrates and especially in the flame, we must also be 
informed about reactions of decomposition of these elements if we want to determine 
which processes may take place simultaneously. In general, the decomposition will 
remain influenced by simultaneously occurring disintegrating processes, as well as by 
reactions of oxidations.® Where experiences are available, they show that the 
spontaneous decomposition can be speeded up only by such simultaneous processes 
which under cc^rtain circumstances are connected with the production of free radicals. 
It would therefore be permissible to regard the speed, which was found for the decom- 
position of pure substances, as the minimum speed in general with which these sub- 
stances disintegrate during oxidation. The decomposition of especially complicated 
organic molecules in general does not occur in a single step to the stable end products 

^ Kimball, J. Chem. Phys.j 6, 310 (1937). 

*For observations of the decomposition of organic matter in regard to knock 
resistance and ignitibility in the Diesel engine, cf. G.D. Boerlage and W.J.D. Van 
Dyck, J. Inst. Petroleum Tech., 21, 40 (1935). Also F.O. Rice, Ind. Eng. Chem.,, 27, 
915 (1935). 

® According to F.O. Rice (lecture for the Faraday Society August, 1939), the 
decomposition of carbohydrates is catalyzed through small amounts of oxygen, as 
particularly shown with butane. 
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but passes through intermediate products, in which free radicals frequently play a 
part.^ 

We can gain a certain insight into the possibilities of the formation of free radicals 
if we know the energies of the individual bonds in the molecules. With the knowledge 
of these bond energies, we can evaluate the quantities of heat developed in the sup- 
posed radical reactions for the mechanism of reaction — of the decomposition as well 
as of the oxidation — for which reason we insert here a table of bond energies. These 
bond energies are therefore those energies, which must be supplied if the molecule is 
to be split at the respective bond. 


Table 68. — Bond Energies 


H2 2H 

102.7 kcal 

c=c c + c 

125 kcal 

02-^20 

116.4 kcal 

C = C->C -hC 

^164 kcal 

CO C + 0* 

(160 or202keal)t 

C— 0 -*0+0 

75 kcal 

H2O H + OH 

117.8 kcal 

(Alcohols, ether) 

— 

H2O2 20H 

.‘)2 kcal 

Car— 0 -> C + 0 

97 kcal 

HO2 H -f O2 

40 kcal 

(Phenols) 

— 

O3 — ► 0 -f" O2 

24 kcal 

c=o C -b 0 

165 kcal 

CalTP C + H 

^ 93 kcal 

(Aldehydes, ketones) 

— 

CarH C + H 

^102 kcal 

— 

— 

Cal— Cal C -b C 

^ 71 kcal 

— 

— 

Car— Car "> C + CJ 

^ 96 kcal 

— 

— 

Cal— Car C + C 

80 kcal 

— 

— 


* According to photochemical experiments by Faltings, Groth, and Harteck fr/. the compilation by 
W. Groth, Z. Elektrochem., 46 , 270 (1939)1, the bond energy of CO is to bo found between 193 and 
219 kcal. 

t It has not been possible as yet to establish definitely the dissociation energy of CO. 

t The energy CalH is therefore the energy that is necessary to separate an H-atoin from an aliphatic 
molecule, e.g., ethane; correspondingly CarH is the separation work of an 11-atoin from an aromatic 
molecule, e.g., benzol. Correspondingly Cal — Col is the bond stability between two C-atoms in an 
aliphatic molecule, e.g., ethane; Car — Car correspondingly that in benzol. Car — Cal is the energy 
required to split the CHs group from the benzol nucleus of the toluol. 

On the whole, it mfist be said that the energy of the bond of two atoms in an 
organic molecule naturally is not completely independent of what bonds the atoms 
have already established. Aside from certain exceptions, the assumption of constant 
bond energies is a rather good approximation, of which good use can be made. The 
values of Table 68, taken from an older summary by Grimm and Wolf for the organic 
molecules, are really out of date, because older values of the heat of sublimation 
of the carbohydrates were used for their calculation. Since there are no newer estima- 
tions that have led to well-defined results, however, we shall continue for the present 
to use older ones, which are probably sufficiently exact for relative values. 

Generally a strengthening of the bond takes place if several equivalent valences 

I 

exist for one bond. Thus, for instance, in a radical like CH2 — CH=CH2, which we 
could just as well ascribe the structure CH2=C11 — CII2, the bonds are strengthened.* 

1 Maess, R., and L. v. Muffling, Z. Elektrochem., 44, 428 (1938). Steacie, 
E.W.R., Chem. Rev., 22, 311 (1938). Schumacher, H.J., “Chemische Gasreak- 
tionen,” 1938. Rice, F.O., and K.K. Rice, “The Aliphatic Free Radicals,’' Johns 
Hopkins Press, Baltimore, 1935. 

* As can be proved directly through experiment. 
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The consequence of this is that larger molecules containing double bonds disintegrate 
most easily, when such especially stable products can be formed, e.g., 

CH3-CH2-fCH2— CH=CH2 

at the dotted line. This is Schmidt’s^ rule of double bonds, according to which 
molecules with double bond disintegrate most easily at the alternate single bond 
calculated from the double bond. The effect of the inhibiting reaction of olefins, 
frequently observed, could be explained by the fact that, in the reaction of paraflfinic 


Table 69. — Disintegration Constants of Paraffins (From a Compilation 

BY Steacie) 


Material 

log A 

Ej kcal/ 
mol 


ks76 

Author 

CH 4 

12.00 

79,385 

1.3 • 10 -“ 

3.3 • 10-9 

KasseP 

C 2 H 6 1 

15.12 

73,200 

1.5 • 10 -« 

1.7-10-^ 

Marek and McCluer^ 


16.06 

77,700 

5.1 • 10-9 

1.0- 10--* 

Newly computed* 


14.1 

69,800 

1.6 . 10-8 

1.2 lO--^ 

Sachsse* 





1.0 -10-* 

Storch and Kassel® 



(65,000) 



Pease and Durgan® 

C,H, 




1.5 • 10-8 

Frey and Hepp 7 


13.44 

62,100 

9.6 • 10-7 

2.6-10-8 

Marek and M(?Cluer7 


16.60 

74,850 

1.4 • 10-7 

1.9-10-8 

Paul and Marek* 



(65,000) 



Pease and Durgan® 


13.53 

61,400 

1 .9 • 10-8 

4.8-10-8 

Frey and Hepp 7 

?1-C4Hio 

17.05 

73,900 

7.8 • 10-7 

9.8-10-8 

Paul and Marek* 


12.54 

58,700 

1.5- 10-9 

2.6-10-8 

Steacie and Puddington® 



(65,000) 



Pease and Durgan® 

iso-C4Kio 




4.8 • 10-8 

Frey and Hepp 7 


14.89 

66,040 

1.5 • 10-8 

7.1 • 10-8 

Paul and Marek* 

n^CsHia 

13.4 

61,200 

2.4 • 10-8 

5.7-10-8 

Frey and Hepp 7 

iso-C6lIi2 

12.93 

58,600 

3.7 • 10-8 

6.5 • 10-8 

Frey and Hepp7 


12.43 

55,500 

1.1 . 10-8 

1.3 • 10-7 

Fjey and Hepp 7 

n-CflHu 

14.58 

64,500 

2.3 • 10-8 

8.7-10-8 

Dinces et al.^ 

2, 3- Dime- 






thyl 






butane 




1.9-2.4-10-7 

Frey and Hepp 7 

Tl-CyHie 

9.85 

46,500 

1.9 • 10-8 

7.1 • 10-8 

Pease and Morton^ ^ 

Tl-CgHig 

14.70 

64,900 

2.3 • 10-8 

9.1 • 10-8 

Dinces et al.^° 


1 Kassel, L.S., J, Am. Chem. Soc., 64 , 3919 (1932). 

* Maker and McCluer, Ind. Eng. Chem., 23 , 878 (1931). 

•Paul and Maker, Ind. Eng. Chem., 26 , 454 (1934). 

* Sachsse, H., Z. vhysik. Chem., Sec. B, 31 , 87 (1935). 

• Storch, H.H., and L.S. Kassel, J. Am. Chem. Soc., 69 , 1240 (1937). 
•Pease, R.N., and Dukoan, J. Am. Chem. Soc., 62 , 1262 (1930). 

’ Frey and Hepp, Ijid. Eng. Chem., 25 , 441 (1933). 

• Steacie, E. W.R , and Puddinqton. Unpublished work. 

» Dincbs and Frost, J. Oen. Chem. USSR, 4 , 610 (1934). 

Dinces and Zherro, J. Gen. Chem. USSR., 6 , 68 (1936). 

Pease, R.N., and Morton, J. Am. Chem. Soc., 66 , 3190 (1933). 


1 Schmidt, O., supported by T. Foerster, Z. EUhtrochem., 43, 667 (1937). 
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radicals with olefins, such especially stable and consequently sluggish radicals are 
formed. It could also be explained, of course, by accretion of intermediary radicals 
to the double bond. 

If a disintegration of organic molecules results in free radicals, it will occur at the 
weakest place of the molecule, t.c., with paraffins at the C — C bond, with olefins 
according to the rule of the double bond. To a certain extent, the disintegration of 
organic molecules certainly takes place by way of free radicals;^ and we should take 
into account the possibility that, especially at higher temperatures, the free radicals 
thus formed play a part in the introduction of the chain reaction of oxidation. 

The thermal disintegration of paraffins can in general be described by a time rela- 
tion of the first order, even though the mechanism is by no means always that of a 
simple monomolecular reaction. Lower paraffins, olefins, and hydrogen occur as 
end products of the disintegration, and besides them occasionally also higher olefins 
in consequence of a polymerization of base olefins. 

For judging the speed of disintegration of paraffins, we give a summary from 
Steacic (cited page 395) for the constants of disintegration of the first order; 

k = 

The values are not all quite reliable and are not absolutely comparable. Especially 
the wider variations in the factor A (and the corresponding variations in E) might not 
all be reliable, but they are useful anyway for orientation. Besides these, there are 
constants of disintegration given according to Steacie for 425° and 575°. 

Directly measured values computed for the disintegration of the first order are 
presented in Table 70, which follows.^ 

The disintegration of olefins has often been investigated, but there are few reliable 
disintegration constants and measured activation encrgi(\s. 


Table 70. — Disintegration* Constants of Hydrocarbons, 


Material 



Temperature, °C 



570° 

590° 

620° 

660° 

700° 

760° 

n-Octane 

3.9 • 10-2 

8.1 • 10-2 

24 • 10 2 

_ 





n-Hoptane 

2.2 • 10-2 

4.7 • 10-2 

14. G • 10-2 

__ 

— 

— 

n-Hexane 

1.0 • 10-2 

2.1 * 10-2 

6.2 ' 10 2 

— 

— 

— 

Iso-octane* 

3.9 • 10-= 

8. 1 • 10-2 

24 • 10-2 

— 

— 

— 

Di-isobutyleno*. . . . 

14.4 • 10-2 

(29.9 • 10-2)=!' 

(89.4 • 10-2) 

— 

— 

— 

Cyclohexane 

— 

— 

(0.32 • 10-2) 

2.3 • 10-2 

16.7 • 10-2 

— 

Benzol 




(0. 13 • 10-2) 

(0.34 • 10-2) 

! 1.5- 10-2 

1 


1 Iso-octane = 2,2,4-trimethyl pentane; cii-isobutylene is a mixture of two isomeric olefins passing 
over into iso-octane by hydration. 

* The numbers in parentheses are extrapolated values. 


On the whole, olefins are less stable than the corresponding paraffins; we can use the 
relation of di-isobutylene and iso-octane in the above table for an evaluation. We 
also give some values from Schumacher (cited page 395) and from v. Muffling and 
Maess (cited page 395) for the disintegration of oxygen-containing combinations, 

^ Rice, F.O., cited p. 395. Maess and v. Mt^FFLiNG, cited p. 395. Steacie, 
cited p. 395. 

^ PVom JosT, W., L. V. MtJppLiNQ, and W. Rohrmann, Z. EleMrochem.y 42 (1936). 
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which always occur as intermediate products of oxidation and whose behavior we 
must therefore know. The disintegration of formaldehyde can be obtained through 
an equation of the second order with an activation energy of 44.5 kcal; at 842° abs 
and at 371 mm Hg initial pressure, the half-life for the disintegration is 69 sec. In 
the presence of ether formaldehyde, disintegration is fifteen times faster than in the 
case of auto-disintegration, as a consequence of the appearance of free radicals (from 
Fletcher and Rollefson). Carbon monoxide and hydrogen appear as products of 
reaction.^ 

Acetaldehyde disintegrates in CO and CH 4 ; the energy of activation for the dis- 
integration amoiints to about 46 kcal. The reaction does not take its course according 
to a simple order; according to Fletcher and Hinshelwood, at 829° abs. at 130 or 
415 mm initial pressure, the half-life periods for the deterioration amount to, respec- 
tively, 196 and 111 sec. 

Methanol disintegrates into carbon monoxide and hydrogen, as a velocity constant 
of the first order is valid 

k = 1.7 • 10i3e-««-ooo/«rsec“i 
For butyl alcohol k = 4.8 • 

The disintegration of lower alcohols progresses in general under H 2 splitting and 
formation of the corresponding aldehydes, which under certain circumstances dis- 
integrate still more. With higher alcohols, the disintegration in H 2 O and olefins 
predominates. 

A series of ethers has also been investigated with respect to disintegration. The 
disintegration constant of Diethyl ether is 

A; = 3.2 • lO“e~^3.ooo/j2rs(3c-i 

For acetone k = 1.5 • 

Since organic nitrates accelerate the oxidation of hydrocarbons and therefore the 
knocking as well as the ignition in the Diesel engine, it should be stated for orientation 
that the disintegration constant of ethyl nitrite is 

k = 1.3 • 

Since wo shall use all these data only for the orientation about the stability of 
eventual products, we do not need to go into details here about the decrease in speed 
toward lower pressures generally observed with monomolecular reactions (Schu- 
macher, cited page 395). 

The disintegration of organic compounds takes place at least in part through free 
radicals whose appearance might be of importance for the introduction of reactions 
of oxidation (v. Muffling, Maess, and Steacie, cited page 395). 

h. Absorption Spectra of Organic Compounds^ Especially of Inter- 
mediate Products and Products of Reaction in Combustion. — Egerton and 
Pidgeon^ have investigated the absorption spectra of hydrocarbons in 
combustion, at temperatures varying between about 250° and 450°, 
with air, flowing through an absorption tube. Aldehydes were observed 
here, especially formaldehyde, and further a continuous absorption in 

^ For disintegration of acrolein, compare H.W. Thompson and J.J. Frewing, J, 
Chem. Soc.j 1935, p. 1443; a more recent examination about the disintegration of 
butane in L.S. Echols and R.N. Pease, J. Am. Chem. Soc.y 61, 208 (1939). 

* Egerton, A.C., and L.M. Pidgeon, Proc. Roy. Soc. London, A, 142 , 26 (1933). 



THE COMBUSTION OF HYDROCARBONS 


399 


the extreme ultraviolet, which, at least in part, is conditioned organic 
acids produced in the oxidation. During the period of induction, no 
absorption was observed. A band at about 2600 A occurs with higher 
hydrocarbons, beginning with butane, and appears first before the 
aldehyde bands. With the combustion of corresponding aldehydes, 
the band of this unknown substance X does not occur. 



Wsttentange 

¥000 3000 
9500 3500 2500 


3000k 


1. Formaldehyde 

2. Acetaldehydo 

3. Butyraldenydo 

4. Acrolein 

5. Crotonaldohyde 

6. Glyoxial 

7. Diacetyl 

8. Ketone 

9. Furfuraldehyde 

10. Furylalcohol 

11. Furylacid 

12. Furan 

13. Methvlfuran* 

14. Tetranydrornethylfuran 

15. The same refined 

1 6. T etrahydrof ury 1 rnethylether 

17. The same burned 

18. tt-Augeliciactone 

19. The same burned 

20. /S-Angeliclactono 
21 The same burned 

22. Dihydropyran 

23. The same Vjurned 

24. Tetrahydropyran 

25. The same burned 

26. X, dilute 

27. X, concentrated 

1. Formic acid 

2. Dimethylketeno 

3. Acidylacetone 

4. Ethylacclylacetate 

5. Diethyl- and eiliylhydroperoxide 

6. Arnyl- and ethylnitrito 

7. Nitrogen dioxide 

8. Sulphur dioxide 

9. Dihydromethylfuran 

10. Epoxy- 1, 4 pentene-5 

11. Pentene-5, 1-oil 

12. Ainyhiru? 

13. The same burned 

14. Ethylene 

1 5. Benzol 

16. Phenol 

17. Naphthalene 

18. Methyl iodide 


Fia. 191. — Absorption spectra in the ultraviolet. (Vertically- shaded = band.s. Black 
surfaces = continuous absorption.) {From Ubbelohde, Londoiiy p. 393.) 


Ubbelohde^ has undertaken detailed examinations with the aim of 
clearing up the nature of the band substance X. He has taken absorption 
spectra of a large number of organic substances, which we reproduce in 
Fig. 191 in the schematic representation from Ubbelohde (vertically 
hatched areas signify bands; black surfaces, continuous absorption). 

Ethyl nitrite and NO 2 lower the temperature at which the X-bands 
appear in burning hydrocarbon-air mixtures, but they do not change the 
general course. No A^-band appeared with butylenes and amylenes, and 
just as little in the breaking of the butyl chain as in ethyl ether, in 
spite of its low combustion temperature. 

Ranges resembling those of the A-band were obtained with the 
combustion of ether of tetrahydrofuryl alcohol and a- and /3-angelica 
lactones. None of the stable compounds examined showed a band 
^ Ubbelohde, A.R., Proc. Roy. Soc. London^ A, 162, 378 (1935). 
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(aside from methyl iodide, which naturally does not come into con- 
sideration) that corresponded to the X-band. X is therefore a product 
of combustion of the paraffins and possibly of a number of oxygen-ring 
compounds like unsaturatod lactones and tetrahydrofurfuryl ether. 

Ubbelohde also examined chemically the occurring intermediate 
products (we must refer you to the original for the method) in an appa- 
ratus resembling that used by Mondain-Monval.^ 

Condensed products of combustion from pure hexane resulting from 
combustion at 300® separated into a hydrocarbon and an aqueous phase 
that smelled of burned sugar and aldehydes. The aqueous layer showed 
an especially sti*ong pcu’oxide reaction; in the same manner, its vapors 
showed much more strongly the X-bands in absorption. The substance 
X must therefetre be sufficiently stable in solution. 

Furthermore, 0-ring compounds from the hexane layer were demon- 
strated; with pentane, they demonstrated unsaturated, dihydropyrane, 
methyl tetrahydrofurane, ethanol (?), hydroxy acids, aldehydes, alcohols, 
ketones only in traces, and furthermore peroxides, probably olefin 
peroxides.^ Probably peroxides in question are 


CH2 

H2C'^\Ti— 0 


H2C— CH2 H2C— CH— 0 HsC— CH2 

II 11 I I I I I 

H2C CH— 0 II2C ('H— CJH2 II2C CH— O H2C C=CH2 

\/\ I \/ \/ 

(.) 0—0 O 0 


Y 

Epoxy-1, 4-pentene-5 


peroxidates so easily when oxygen is conducted through at the boiling 
point that a dense fog of peroxide is formed, just as with the slow com- 
bustion of pentane. Analogous observations have often been reported 
with hydrocarbon oxidation. Ubbelohde assumes that X takes its 
origin in the disintegration of peroxides; ascorbic acid gives practically 
the same band as X. 

4. The Oxidation of the Lowest Hydrocarbons (Acetylene, Ethylene, 
Methane, Ethane, Propane), a. The Oxidation of Acetylene . — With the 
oxidation of unsaturated lower hydrocarbons, we expect that the multiple 
bond, as the weakest place in tlie molecule, will be attacked by oxygen, 
and we could therefore think of more simple conditions than those 
with saturated hydrocarbons. In spite of this, reactions like C2H2 + O2 
— > CHO-CHO, the direct formation of glyoxal from acetylene, or C2H4 + 
O2 2HC-HO, the conversion of ethylene with oxygen to formaldehyde, 
cannot be the decisive reaction stages in these oxidation processes, even 


^ Mon'dain-Monval, P., and Quanquin, Ann. chim. phys., 16, 309 (1931). 

*For the analysis of products of reaction, compare among others S. Estrad^re, 
Pvb. 8ci. tech, ministhre air France^ 49, 1934. Giorgio, R., Oaz. chim. ital., 64 , 564 

( 1934 ). 
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if the corresponding products appear. Aside from the basis of other 
criteria, which we shall discuss later, this is already excluded by the fact 
that the corresponding oxidation reactions show all the characteristics of 
chain reactions, whereas the above transformations are not chain reactions. 
We shall see that we are compelled also in the case of these reactions to 
accept some kind of variation of Bodenstein^s mechanism, which Boden- 
stein himself has already applied to the oxidation of acetylene.' 

The oxidation of acetylene has been examined by Kistiakowsky and 
collaborators^ as well as by Steacie and McDonald.^ Bone and Andrew^ 
had already examined the slow oxidation of acetylene between 200® and 
350° and had found carbon monoxide and formaldehydci as the chief 
products of reaction. The liquid products that are foi-med by the effect 
of ozone on acetylene consist mainly of glj^oxal, CHO-CIIO.® 

KistiakoAvsky and Lenlier examined the oxidation of acetylene in a 
flow system at atmospheric pressure. Purified acetylene and oxygen were 
introduced into the heated reaction chamber at a moderate rate, the 
liquid products of reaction were frozen out with solid CO 2 , and the gaseous 
products were collected directly. A summary of the analysis values will 
be found in Table 71 (for the method, we refer to the original). The 
experiments were made in a pyrex vessel 22 mm in diameter and 78 cm® 
in volume; the velocity of flow was su(di that, for 290°C, a duration of 
^ 200 sec resulted. Qualitatively glyoxal was also detected among the 
products of reaction. 

Table 71. — Average Results of Analysis for Mixtures 1:1, with 

200 Sec Duration, C()Rresponi)in(5 to 290°(' 


Temperature, 

°C 

Mols passed 
through X 10^ 


Mols foruK'd 

X lO"* 

C 2 II 2 

0 . 

c;o 

J 

Hi 

IIGOOII -f H(T40» 

255 

8.9 

8.9 

0.105 

0.032 

0.015 

0.11 

277 

8.9 

8.9 

0.30 

0.084 

0.043 

0.26 

297 

8.9 

8.9 

1 .14 

0.37 

0.108 

0.84 

316 

8.9 

8.9 

2.90 

0.80 

0.26 

1 . 50 


J Couipiit.<Ml under the especially founded assumption that the eoudcinsable Bubstance consists of 
fornue acid and formaldehyde in the ratio 0: 1. 

If Ave had an approximately static speed of reaction, the yield of all 
substances should remain about the same in the range of small conver- 
sions Avith a doubling of the permeated quantity and simultaneous halving 
of the duration of the reaction. As can be seen by Table 72, however, 
this is not the case ; rather, the yield decreases Avith the shortening of the 
duration of reaction. As an explanation, it can be assumed that the 

^ Bodenstein, M., cited p. 380. 

* Kistiakowsky, G.B., and S. Lenher, J. Am. Chem. Soc.^ 52 , 3785 (1930). 
Lenher, S., J. Am. Chem. Soc.y 63 , 2962 (1931). 

® Steacie, E.W.R., and R.D. McDonald, J. Chem. Phys., 4 , 75 (1936). 

* Bone, W.A., and Andrew, J. Chem. Soc.^ 87, 1232 (1905). 

* Briner and Wunenburgbr, Helv. Chim. Acta^ 12 , 786 (1929). 
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reaction produces a period of induction, as can also be observed in other 
cases. 


Table 72. — Influence of the Reaction Period on the Acetylene Oxidation 
(From Kistiakowsky and Lenher) 

Average Values 


Tempera- 
ture, ®C 

Mols passed 
through X 10® 

Mols formed X 10® 

Average 

dura- 

tion, 

sec 

C 2 H 2 

O 2 

CO 

CO 2 

H 2 

HCOOH + IICHO 

278 

8.9 

8.9 

0.48 

0.088 

0.073 

0.51 

200 

278 

17.8 

17.8 

0.18 

0.043 

0.057 

0.47 

100 

278 

35.6 

35.6 

0.14 

0.008 

0.033 

0.34 

50 


At 310®, conditions are complicated by the co-effect of the period of 
induction and a marked decrease in the acetylene concentration during the 
experiment (on which the speed of reaction is greatly dependent), but 
they fit into the framework of the rest of the observations. The reaction 
velocity changes about like the second power of the acetylene concentra- 
tion and is slightly decreased by oxygen. It thus shows the same char- 
acteristics as aldehyde oxidation. 

Packing pieces of pyrex into the reaction chamber, so that the free 
space of about 20 mm was reduced to 1 mm, slowed the reaction con- 
siderably. In an experiment at 315®, only 30 per cent of the acetylene 
reacted in the empty reaction chamber, whereas in the packed vessel only 
3 to 4 per cent were converted. Besides, the course of reaction was 
fundamentally changed, inasmuch as carbon monoxide and water were 
now the main products of reaction; whereas, in the normal experiments, 
the condensable substances should be regarded as the primary products. 
Experiments with a variation of reaction times showed furthermore that 
the induction time had disappeared. 

On the whole it can be concluded: The acetylene-oxidation is apparently a chain 
reaction in which the wall has a chain breaking effect; in packed vessels one can, more- 
over, have a catalytic surface reaction; hence it is analogous to the aldehyde oxidation. 

Steacie and McDonald^ later very carefully examined acetylene-oxidation in. a 
static apparatus. The experiments qualitatively confirm in many respects those made 
by Kistiakowsky and collaborators and give other particulars. In regard to the 
surface influence the following was established: washing of the pyrex reaction chamber 
with a NaCl solution caused an acceleration of the reaction, just as with Kistiakowsky 
and Lenher, but, in contrast to the latter, the results were not well reproducible. On 
the other hand, experiments in a pyrex vessel washed twice with a saturated KCl 
solution gave values which are quite reproducible. The ratio C0:C02 is practically 
constant for given relative initial composition, O 2 /C 2 H 2 , and changes but little when 
the initial composition is varied. Some experimental results are given in Table 73. 


Steacie, E. W. R., and R. D. McDonald, /. chem. Phya. 4, 75 (1936). 
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The experiments yield a reaction velocity which is proportional to about the 2.7 
power of the acetylene concentration; oxygen has a slightly inhibiting effect but this 
commonly lies within the limits of experimental error. The temperature coefficient 
was likewise determined; there was an apparent heat of activation of 33.5 kcal, in good 
agreement with Spence and Kistiakowsky^s value of 34.7 kcal. 


Table 73. — Acetylene Oxidation at 320‘*0, Pyrex Container, Coated with 
KCl, 200 Cm*. Ratio 02:C2ll2 = 1 (From Steacie and McDonald) 


C2ll2initial, 
cm Hg 

t, 

min 

CO 2 , 

% 

C,H2, 

% 

0., 

% 

CO, 

% 

H 2 -h N2S 
% 

A* 


21.5 

9.8 

8.8 

31.6 


37.4 

2.0 

4.25 

1.46 

19.6 

11.6 

8.3 

32.1 


37.4 

2.2 

4.50 

1.42 

15.7 

17.8 

8.2 

31.4 

21^ 

37.2 

1.9 

4.54 

1.44 

12.5 

27.6 


31.5 

21.6 

37.0 

1.9 

4.63 

1.43 

10.8 

36.4 

8.1 

31.6 

20.6 

37.5 

2.2 

4.63 

1.44 


1 The oxygen used contained 1 to 1.4 per cent Ns. 

»A = IC01/[C02]. 

> B — [CO *f C02l/[C2H2l is a measure for the degree oi conversion. 


Experiments on the influence of the surface in a quartz-packed quartz 
chamber of 125 cm^ volume showed the following: At high pressures, the 
reaction velocity is inhibited by the increase in surface. In the packed 
chamber at 320°, the reaction order is considerably reduced, approxi- 
mately to 1.4. The ratio C0:C02 is considerably lowered by packing, 
and in addition it becomes dependent on the pressure in the packed 
chamber; it drops sharply with decreasing pressure. Obviously the 
surface reaction, which yields chiefly CO 2 , is of a low order. As a result, 
its influence is greatest at low pressures and the C 0 :C 02 ratio is thus 
reduced most at those pressures. 

That glyoxal and formaldehyde, both of which are formed in the early 
stage of acetylene oxidation according to Kistiakowsky and Lenher (cited 
page 401), do not function as intermediary members of a chain reaction is 
clear from experiments with additions of glyoxal and formaldehyde by 
Steacie and McDonald. Glyoxal in small quantities does not accelerate 
acetylene oxidation. In high concentrations, a small acceleration can be 
noted, but this might be due to the thermal effect connected with the rapid 
oxidation of glyoxal. Formaldehyde exercises a decidedly inhibiting 
effect on acetylene oxidation. In an experiment at 320°C with a partial 
pressure of 9 cm of acetylene, 28.2 per cent of the acetylene had reacted 
during 44.3 min. With the addition of 5.3 cm of formaldehyde, only 
about 9.8 per cent reacted under otherwise equal conditions. 

According to the form of the pressure-time curve here observed (at 
first a small drop in pressure, then a rise), it is reasonable to suppose that an 
intermediary product is built up in static concentration during the induc- 
tion period. From the experiments of Steacie^ and his associates, it is 
possible to judge how glyoxal, produced as probably the first demonstrable 
product in acetylene oxidation, can continue to react. At the experi- 

1 Hatcher, Horwood, and Steacie, J. Chem. Phys.y 3, 291, 551 (1935). 
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mental temperature of 320®, the thermal disintegration of glyoxal is 
negligible while it continues to oxidize rapidly. 

We refer to the original for the individual reactions according to 
which glyoxal is said to continue to react. Formaldehyde, like glyoxal, 
also disintegrates only slowly at these temperatures; also however, its 
oxidation velocity is only small. Spence^ has pointed out that formalde- 
hyde must be oxidized about 100 times more rapidly than normally 
in acetylene oxidation. Steacie suggests as an explanation that formalde- 
hyde reacts off by reaction with (intermcdiarily formed) glyoxal peracid.^ 

Since normal formaldehyde and glyoxal cannot be chain agents, a 
radical mechanism like the one suggested by Bodenstein is the most 
probable, even though details must remain unexplained. Lewis and 
V. Elbe^ suggest the following mechanism for the formation of glyoxal: 

Oil -( C 0 H 2 -> HfeC— -f- H 2 O 
HC^C— + 02-^ CHO CO— 

CHO CO + CoH. -> CHO CHO + (m=C— 

1 

a mechanism against w hich w'e can perhaps have no fundamental objec- 
tions but whi(;h of course is likewise not proved. 

The Norrish pattern'^ of hydrocai'bon oxidation, which employs 
0-atoms and fr(;e radicals, must, according to xSteacie, bo rejected for 
acetylene (we shall see that objections can l:)e raised to it also in many 
other cases), because in it glyoxal and formaldehyde play a role that is 
excluded according to experiment. 

In the prc^sence of nitrogen oxides, acetylene reacts already at con- 
siderably lower temperatures (Lenher'^), betw^een 170® and 250®C, in 
which trimerous glyoxal is a chief reaction prodvict (uj) to over 50 per cent 
of the combined acetylene). In this, NO 2 is probably effective as a 
homogeneous catalyzer, being reduced to NO, and again forming NO 2 
with O 2 , etc., or chains arc induced by the reaction NO 2 — > NO -f 0 (cf. 
analogous reactions in oxygen-hydrogen combustion, pages 303, 330). 

Semenoff® points out especially the experiments of Kistiakowsky and 
Spence,^ w^hich show the same for acetylene oxidation that Semenoff had 
demonstrated for aldehyde oxidation in the experiments of Bodenstein, 

1 Spence, J. Chem. Soc., 1932, p. 686. 

2 The same result could be obtained by assuming reaction with a corresponding 
peroxide radical. 

» Lewis, B., and G. v. IOlbe, “Combustion, Flames and Explosions of Gases,” 

p. 122. 

^Norrish, R.G.W., Proc. Roy. Soc. London^ A, 160, 36 (1935). 

‘‘Lenher, S., J. Avi. Chem. Soc.j 63, 2962 (1931). 

® Semenoff, “Chemical Kinetics and Chain Reactions.” 

7 Spence and Kistiakowsky, G.B.. J. Am. Chem. Soc.^ 62, 4837 (1930). 
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namely, that, disregarding the induction period, the reaction velocity 
remains constant over the greater part of the experiment. Kistiakowsky 
and Spence observed the reaction in a flowing system, causing the gas 
mixture to circulate by means of a special pump. The condensable 
products of the gases that left the reaction chamber were drawn off in a 
trap cooled by means of carbonic acid while the gases were conducted 
through the reaction chambers again. Conversion was observed by 
means of pressure changes. 

Semenoff is therefore inclined to agree with Spence’s view^ that, in acetylene 
oxidation, we are dealing, at least in the initial stage, with a nonstatic reaction with 
chain-branching, the chains probably being induced by the wall since the induction 
period is shortened by enlarging the wall. Semenoff regards the existence of “critical” 
diameter found by Spence in the case of acetylene oxidation as the most convincing 
argument in favor of a degenerate explosion. Spence observ(is the following: By 
decreasing the diameter of the chamber from 20 to 6 mm, the reaction velocity 
decreases to only about 1/3.3 to 1/3.8. With further reduction of the chamber 
diameter from 6 to 4 mm, the reaction velocity suddenly drops to of its original 
value. 

That the reaction velocity remains practically constant until almost three-fourths 
of the acetylene is consumed is actually quite remarkable; for, with a reduction of the 
initial concentration of the acetylene to one-fourth, the reaction velocity would 
decrease by more than ten times. Whether Semenoff ’s explanation of a “degenerate 
explosion ” is correct can be determined only by further experiment. We shall later 
make the acquaintance of peculiar explosion phenomena, the “cold flames,” when we 
dis(;uss the oxidation of higher hydrocarbons. These phenomena show that nonstatic 
branched chains progress at quite low temperatures in hydrocarbon oxidation. 

h. The Oxidation of Ethylene . — The course of ethylene^ oxidation 
shows the same characteristics as that of other hydrocarbons; induction 
period, dependence of the reaction velocity on a higher power of the 
ethylene concentration, and slight dependence on the oxygen concentra- 
tion. Packing the reaction chamber retards conversion, a sign that we 
are dealing with a chain reaction in the gas phase Avith chain-breaking 
at the Avail. The reaction products appearing in ethylene oxidation have 
been studied especially carefully by Lenher as Avell as by Bone, Haffner, 
and Ranee. Lenher studied the reaction by a flow method at atmospheric 
pressure in a pyrex reaction chamber 20 mm in diameter A\dth a volume of 
65 cm®. He also carried out experiments by the floAV method in larger 

1 Spence, /. CJmn. Soc., 1932, p. 686. 

* Bone, W.A., and R.V. Wheeleu, J. Chem. Soc., 86 , 1637 (1904). Blair and 
T.S. Wheeler, J. Soc. Chem. Ind., 41 , 303T (1922); 42 , 41 5T (1923). Thompson, 
H.W., and C.N. Hinshelwood, Proc. Roy. Soc. London^ A, 125 , 277 (1929). Lenher, 
S., J. Am. Chem. Soc.y 63 , 3737, 3752 (1931). Spence and Taylor, J. Am. Chem. 
Soc.y 62 , 2399 (1930). Bone, Haffner, and Range, Proc. Roy. Soc. London, A, 
143 , 16 (1933). Steacie, E.W.R., and A.C. Plewes, Proc. Roy. Soc. London, A, 
146 , 72 ( 1934 ). 
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chambers 65 mm in diameter and 40 cm long; they consisted of pyrex 
glass, quartz, stainless steel, and aluminum. 

A typical result of analysis for an ethylene-oxygen mixture 1:1, of 
which 360 cm® reacted at atmospheric pressure during 75 sec in the small 
reaction chamber at 400°, is as follows: 0.1689 gram of condensate, 
102.5 cm® CO, 11.4 cm® CO 2 , and 2.9 cm® H 2 . The condensate contained 
ethylene oxide, ethylene glycol, glyoxal, formaldehyde, formic acid, and 
water. Thompson and Hinshelwood found the velocity of the ethylene 
oxidation proportional to the square of the ethylene concentration, and 
this agrees with the results of Lenher. 

If the reaction chamber was packed with pieces of pyrex tubing 
so that the free distance was reduced from 20 mm to about 1 to 2 mm, the 
reaction velocity was reduced to an extraordinary degree. In the empty 
reaction chamber, 70 per cent of the ethylene reacted during 75 sec and 
at 390°, whereas in the packed container no conversion was proved to be 
present at 450° and the velocity w^as measurable only above 500°. The 
chief reaction products in the packed chamber were CO, CO 2 , and H 2 O, 
clearly as the result of a surface reaction. 

Nitric oxide in small concentrations (3 to 5 per cent) did not accelerate 
the reaction noticeably at 300° to 400°C. An equimolecular ethylene- 
nitric oxide mixture yielded CO, CO 2 , and N 2 as gaseous, and glyoxal 
and formaldehyde as liquid reaction products at 295° and 80 sec of reac- 
tion duration. 

According to Lenher, of the systems methane,^ ethylene, and acety- 
lene^ with nitric oxide, acetylene is the only one that does not combine 
chemically with nitric oxide. 

Experiments w'ere conducted in the larger reaction vessel with a 
content of 960 cm® to analyze more accurately the reaction products that 
are given in Table 74. The formic acid found was produced by the dis- 
integration of dioxydimethyl peroxide 


H 

HC— OH 

I 

0 

1 

0 

I 

HC— OH 
H 


2HCOOH + Hj 


which decomposes into formic acid with H 2 cleavage.* The reaction 

* Smith and Milner, Ind. Eng. Chem., 23, 375 (1931). 

•Lenher, S., J. Am. Chem. Soc., 63, 2962 (1931). 

• Rieche, a., “Alkylperoxyde und Oisonide,” Theodor Steinkopff, Dresden, 1931. 
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product, which was condensed out with ice, developed pure hydrogen 
for days. _ 


Table 74. — Oxidation op Ethylene (85 C 2 H 4 -f I 5 O 2 ) in Various Reaction 
Chambers with a Content of 960 Cm* (From Lenher) 


Reaction chamber 

% ethylene 

% of the converted ethylene, which yields 
the following reaction products 

converted 

CO, CO 2 , 
and H 2 

IICHO 

(CH,),0 

HCOOH 

Pyrex 

9.8 

51.2 

10.2 

13.7 

24.8 

Pyrex (3 % water vapor 
in the gases) 

9.9 

65.0 

11.6 

14 7 

8.5 

Pyrex (3 % water vapor 
in the gases) 

9.0 

55.5 

10.8 

14.4 

19.2 

Pyrex (KCl-coated) .... 

9.1 

58.0 

27.7 

13.5 

0.8 

Stainless steel 

4.6‘ 

52.0 

41.8 

5.1 

1.1 

Aluminum 

5.5 

89.8 

9.6 

— 

0.8 

Pyrex, K^SiOa-coated . . 

5.4 

58.6 

31.7 

9.7 

__ 

Quartz 

9.3 

57.0 

27.1 

11.7 

4.3 


In special experiments, the presence of hydrogen superoxide in the 
reaction products was demonstrated. The condensate, which was kept 
in the cold for several days, no longer contained H 2 O 2 , but it did con- 
tain dioxydimethyl peroxide. It was therefore assumed that the latter 
had formed from hydrogen superoxide and formaldehyde (for the reac- 
tions of the peroxides, c/. Rieche). 

In pyrex containers, dioxydimethyl peroxide is a main reaction 
product; in quartz containers, only about one-sixth of it is produced ; and, 
in containers that are coated with KCl or K 2 Si 03 as well as in aluminum 
and steel containers, its production is completely suppressed. 

It was further shown that ethylene oxide does not noticeably react 
with oxygen at 365° during 27 sec. Ethylene oxide therefore cannot be 
an intermediate product of ethylene, oxidation. 

The oxidation of propylene is completely analogous to that of ethylene. 
Here too peroxidic substances appear. 

Also in ethylene oxidation, the reaction velocity, once the induction 
period is past, changes remarkably little with the time. Semenoff points 
out that, in the curves of Thompson and Hinshelwood, this is true of a 
considerable time interval. In Fig. 192, we reproduce pressure-time 
curves from Steacie and Plewes that show this perhaps more emphat- 
ically. Hinshelwood and Thompson find an apparent heat of activation 
for ethylene oxidation of 37 to 43 kcal depending on the experimental 
conditions. 
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Steacie and Plewes chiefly sought an answer to the question of whether 
acetaldehyde plays a role as an intermediate product of ethylene oxida- 
tion. They used mixtures of 1(C2H4 + CH3CHO) + 2 O 2 . Acetalde- 
hyde alone is almost instantaneously oxidized between 300° and 350°; 
at any rate, complete conversion has occurred in 2 min. In mixtures, 
it is shown that acetaldehyde, as long as its concentration does not reach 
one-third of that of the ethylene, does not noticeably influence the oxida- 
tion of the latter. With higher concentrations of the aldehyde, its 
accelerating influence at 430°C makes itself felt. At still higher tempera- 
tures, it leads to explosion (e.g.^ at 452°, 9 cm C2H4, and 2.7 cm CH3CHO). 
According to Steacie, it is very likely that, under the conditions in which 



min 


Fig. 192. — Reaction velocity curves (pressure variation as measure) for mixtures of 
C 2 H 4 + 2O2 at 452°C. Ethylene initial pressures: 12.4 (I); 10.6 (II); 8.3 (III); 6.8 (IV); 
and 5.4 cm Hg (V). [From Steacie and Plewes, Proc. Roy. Soc. London, A, vol. 146 (1934).] 

the aldehyde influence is noticeable, the temperature equilibrium is 
disturbed simply by its rapid oxidation. 

According to Bone, Haffner, and Ranee (cited page 405), the induction 
period of ethylene oxidation is practically suppressed by acetaldehyde, 
but the main reaction is not noticeably accelerated. This, then, is in 
agreement with Steacie’s results.^ Steacie concludes that the oxidation 
of unsaturated hydrocarbons follows a mechanism different from that of 
the saturated hydrocarbons, since, in contrast to the former, acetaldehyde 
does not accelerate the reaction. Undoubtedly there is a difference 
between the groups if only because the double bond furnishes the weakest 
point for the attack on the molecule; although it should be taken into 
account, on the other hand, that the double bond has a chain-breaking 
effect (the recombination of atomic hydrogen is, for example, catalyzed 
by the unsaturated). That fundamental differences beyond anything 

1 Bone and his associates conclude than an acceleration takes place, but Steacie 
denies that this follows from their experiments. 
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caused by the above — as far as the nature of the chain agents is concerned 
— exist between the saturated and the unsaturated does not yet seem to 
be proved by the experimental material thus far available. 

• Ozone accelerates ethylene oxidation considerably. Since the number 
of oxygen molecules combined in this process exceeds that of the added 
ozone molecules many times, this finding is a direct confirmation of the 
presence of a chain reaction. 

The question of the mechanism of ethylene oxidation is discussed 
most extensively by Lewis and v. Elbe.^ For peroxide formation, they 
assume a condensation of hydrogen peroxide with formaldehyde^ — an 
assumption probably fully supported by Lenher’s findings. In this case, 
the hydrogen superoxide can probably be formed by the reaction of HO2 
with ethylene 

HO2 “f“ C2H4 — > C2H3 + H2O2 

HO2 is quite certainly an intermediary product in oxygen-hydrogen 
oxidation (page 317 ). It is therefore reasonable to count on its appear- 
ing also during hydrocarbon oxidation. Whether H2O2 is produced by 
the reaction described or in some other way is not as yet determined. 

For the formation of ethylene oxide, Lewis and v. Elbe assume reac- 
tions like the following; 

//O /^\ 

HCf + C2H4 CHj— ('JIj + HCOOH 

\ 0 — 0 — H 

or HCf + C2H4 ^ 2CH2— CH2 

\0— 0— H 

Analogous reactions, the conversion of a peracid with an olefin to form 
olefin oxide and normal acid, are known in solution.^ It is therefore 
conceivable that something similar takes place in the gas phase. At any 
rate, it must not be forgotten that such reactions observed in solutions 
represent the gross conversion and not necessarily the, actual reaction 
mechanism. Ion reactions could participate especially in the condensed 
phase. Even though it might therefore be possible that the correspond- 
ing conversions take place in the gas phase, it will be necessary to leave 

^ Lewis and v. Elbe, Combustion, Flames and Explosions of Gases.” 

* The strong influence of the wall might indicate that the condensation takes place 
at the wall. 

*Smits, Rec. irav. chim.j 49 , 675, 691 (1930). Boeseken, Chem. Weekhlady 31 , 
166 (1934). Milas and McAlvey, J, Am. Chem. Soc.j 66, 352 (1933). Stuurman, 
Proc. Acad. Sci. Amsterdam^ 38 , 450 (1935). 
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open for the mechanism the possibility of intermediate steps and even- 
tually even of wall reactions. The same is true for the assumed reactions 
of the peroxides, which are certain in solution.^ 

The behavior of ethylene in auto-ignition^ at various pressures will 
be discussed later in another connection (page 487). 

Lewis and v. Elbe attribute the disappearance of the peroxides in 
containers coated with KCl to destruction of H 2 O 2 at the wall. As a 
chain mechanism, we suggest 

OH + C 2 H 4 C 2 H 3 — + H 2 O 
CH2=CH— + 02-^ CH2=CH— 0— 0— 

CH 2 =CH— 0— 0— + C 2 H 4 CH 2 =CH— O— 0— PI + CH 2 =CH— 

The appearance of OH-radicals is to be expected for the reasons already 
given for HO 2 . However, it is not yet proved. 

c. The Oxidation of Methane,^ — The behavior of the paraffins in oxida- 
tion, as could be expected, shows few specific differences, except for the 
first members of the series. For that reason, and also because the lowest 
paraffins have been especially thoroughly investigated, we shall discuss 
them individually but shall treat the oxidation of the others collectively. 

The oxidation of methane has been widely investigated.^ General 
characteristics observed, similar to the reactions already discussed, are 
the appearance of an induction period and the inhibition of the reac- 
tion by packing the reaction chamber. Conversion products are CO, 
CO 2 , H 2 O, formaldehyde, and, under certain circumstances, like low 
oxygen concentration and/or high pressure, methanol in more or less high 
concentrations. 

In Fig. 193 is shown the variation in time of the oxidation of methane 
according to Bone and Gardner. The mixture used is dry 2 CH 4 + O 2 
at 420°C; the rise in pressure serves as a measure of conversion. Under 
these conditions, induction periods from several minutes up to over 
hr are noted depending on the ratio of surface to volume. The induction 
period is lengthened by enlarging the surface. The chain-breaking 

^ Cf. in this connection Riechk, A., cited p. 406. 

2 Kane, G.P., and D.T.A. Townend, Proc. Roy. Soc. London, A, 160, 174 (1937). 

* Note added to the proofs: Cf. also the recent work of L. Slotin, and D.W.G. 
Style, Trans. Faraday Soc., 36, 420 (1939). 

♦Bone, W.A., and J.B. Gardner, Proc. Roy. Soc. London, A, 164, 297 (1936). 
Bone and Allum, Proc. Roy. Soc. London, A, 134, 586 (1932). Newitt, D.M., and 
A.E. Haffner, Proc. Roy. Soc. London, A, 134, 591 (1932). Fort and C.N. Hinshel- 
wooD, Proc. Roy. Soc. London, A, 129, 2M (1930). Norrish, R.G.W., and J. Wal- 
lace, Proc. Roy. Soc. London, A, 146, 307 (1934). Norrish, Proc. Roy. Soc. London, 
A, 160, 36 (1935). Norrish and S.G. Foord, Proc. Roy. Soc. London, A, 167, 503 
(1936). Pease, R.N., and Chesebro, Proc. Nat. Acad. Set. U.S., 14, 472 (1928), 
Sachsse, H., Z. physik. Chem., Sec. B, 33, 229 (1936), 
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influence of the wall thus makes itself preponderantly felt, although 
under these conditions the reaction chains are rather certainly also 
induced at the wall. In Table 75, which is likewise taken from Bone 
and Gardner, the change of the induction time with the temperature is 
shown, as well as the quantities of formaldehyde formed after 
and % of the induction period has passed. 



Fig. 193. — Oxidation of 2 CII 4 + O 2 at 420°C (pressure variation as measure of the 
reaction velocity. Ratio of surfacjc: volume — 1, 0.8 cm-^; 2, 1.2 cm“^; 3, 1.6 cm“i; 4, 
1.2 cm“^; 5, 0.8 cm“i. {From Bone and Gardner, Proc. Roy. Soc. London, A, vol. 154.) 

That formaldehyde is an essential intermediary product of the reac- 
tion and that its production during the induction period is responsible 


Table 75. — Induction Pehiods in the Oxidation of Methane, as Well as 
Quantities of Fokmaldehyde Formed after and % of the 

Induction Period for a Mixture of 2CH4 -f- O2 at 760 Mm Hg 
Initial Pressure^ 


Tempera- 
ture, °C 

Induction 

period, 

min 

Formaldehyde formed after 

Vi 

% 


of the induction period 

% ' 

% 

mrn Hg 

■■ 

% 

mm Hg 

390 

43.5 



0 01 

0.075 

, 0.18 

1.35 

400 

31.5 

— 

0.02 

0.15 

0.24 

1.82 

410 

1 20.5 

— 

0.03 

0.225 

0.18 

1.35 

420 

1 10.5 

— 

0.05 

0.365 

0.25 

1.92 


1 Probably 760 mm; pressure not given. 


for accelerating the reaction seems extremely likely after what has been 
said above, especially since formaldehyde, if added intentionally, greatly 
diminishes the induction time or suppresses it entirely (c/. below). 
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The effect of additions is shown by the following illustrations. Figure 
194 shows the influence of methanol in concentrations of 0.25 to 2 per cent 



/Druck = i)r(’Hsur(! A 
VKontrollo = control/ 


Fig. 194.- Influen(;c* of methanol addi- 
tions on the reaction velocity (pressure vari- 
ation as a measure) of 2 CH 4 + O 2 , dry, at 
390° and '^760 mm initial pressure. {From 
Bone and Gardner, p. 405.) 

period by one-half; 0.22 per cent N 


(from Bone and Gardner). By 
means of this addition, the induc- 
tion time is greatly shortened but 
not completely suppressed. CO 
and CO 2 are, as could be expected, 
without marked influence. 
Formaldehyde is greatly effective 
(Fig. 195). As little as 0.5 per 
cent suppresses the induction 
period completely. This is, by 
the way, a concentration of the 
same order of magnitude as is 
found in the reaction of pure 
methane at the end of the induc- 
tion period (cf. Table 75). With 
still higher additions, up to 2 per 
cent, the reaction is at first further 
accelerated; 0.25 per cent of for- 
mic acid reduces the induction 
>2 shortened it from 50 to 17 min; 


0.32 per cent caused it to disappear entirely. 



w BO m ISO 


/Dmck = pressure \ 

VKoiitrolle = control/ 

Fio. 195. — Kffoct of formaldehyde additions on the oxidation of dry 2 CH 4 + O 2 at 390°C. 
{From Bone and Gardner, p. 405.) 

On the other hand, 0.3 per cent iodine inhibited the reaction so much 
that, even after 135 min, no rise in pressure was noticeable. This is 
in agreement with the findings in oxygen-hydrogen reaction (page 303) 
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and is not unexpected, although it is in contrast to earlier observations 
by Bone and AUum (cited page 410) with 2 CH 4 + O 2 at 447®C. 

It is conceivable, however, that the effect of the iodine depends 
considerably on the particular experimental conditions (especially 
perhaps the condition of the wall). 

Peroxides were not found by Bone. Considering the small concentra- 
tions in which these compounds are effective, however, a participation of 
peroxidic materials in the reaction is not absolutely excluded. 

In this connection, we shall point out experiments on the oxidation 
of methanol, likewise made by Bone and Gardner. The reaction — in 
contrast to methane oxidation — is only slightly dependent on the sur- 



Fia. 196. — Oxidation of methane and of methanol at 39()°C and 760 nun initial pressure, 
a, 2 CH 3 OII -f O 2 . b, CH 3 OH -h O 2 . c, 2CN.I + O 2 . {From Bone and Gardner, p. 405.) 

face: volume ratio; the induction period is considerably shorter and the 
reaction velocity is considerably greater than in the case of methane 
(Fig. 196). Here, as in all the hydrocarbons, the “richer,” i.e., the 
mixture richer in fuel, is also the most capable of reaction. As reaction 
products, the following were proved to be present: formaldehyde, formic 
acid, occasionally traces of peroxide, preponderantly CO, in smaller 
quantities CO 2 , some H 2 , and of course, H 2 O. Methanol combustion is 
also still considerably accelerated by the addition of formaldehyde. 

Formaldehyde itself (c/. page 378) is more rapidly oxidized; at 275°C, 
the reaction proceeds without an induction period and is noticeably 
inhibited by an increase in the surface: volume ratio. The half-life 
period for a mixture of 2 CH 2 O + O 2 at 275°C and 1 atm, for example, 
is about 5 to 10 min. The main reaction products are CO and H 2 O, also 
formic acid, peroxides, and per-formic acid. Again, the mixture 2CH2t) 
-f* O 2 is more capable of reaction than CH 2 O + O 2 . 
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Carbon dioxide, which is proved to be present at low temperatures 
as a product of methane oxidation, cannot have been produced, as in 
similar cases, by the oxidation of primarily formed carbon monoxide 
(because the temperature is too low for that) but must rather have been 
produced by the oxidation of an intermediary product (e.g., HCHO) or 
also by the disintegration of such an intermediary product. Perhaps it is 
also produced in a catalytic wall reaction of the kind we have met in the 
oxidation of acetaldehyde and propionaldehyde (pages 381, 389). 

Methanol is postulated by Bone in his “hydroxilation pattern^’ 
as an intermediary product of methane oxidation, and its absence among 
the normal reaction products is associated with the more rapid oxidiza- 
bility of methanol (compared with methane). This explanation cannot, 
however, be correct; for formaldehyde is oxidized considerably more 
rapidly than methanol and can be isolated as a reaction product neverthe- 
less. Methanol accordingly cannot be an intermediary product of normal 
methane oxidation. Under certain conditions, methanol can, on the 
other hand, be obtained in more or less great concjentration and must 
obviously be the product of a conversion that does not belong to the 
succession of the normal stages of methane oxidation. It is possible to 
obtain methanol from methane in considerable yields — up to over 50 
per cent of the converted methane — and the methane yield will be 
greater, the greater the pressure (which at the same time permits working 
at lower experimental temperatures) and the greater the methane : oxygen 
ratio. ^ 

Newitt and Haffner have investigated the oxidation of methane at 
pressures of 10 to 150 atm and at temperatures between 330° and 
440°C. The following compilations give a survey of the results. Even 
at higher initial pressures, the reaction proceeds in a manner similar to 
that at atmospheric pressure, except that the same reaction velocity 
is of course obtained at considerably lower temperatures when high 
pressures are applied. In a mixture of 8.ICH4 + O2 at 106 atm of 
initial pressure, an induction period of 14 min is observed at 341°C. 
In a further reaction period of 22 min, practically all the oxygen is 
consumed. The available methanol yield rises with increasing initial 
pressure, but the experiments are not actually comparable, since with 
rising pressure the temperature was simultaneously reduced; for the 
aim was always to obtain as high a methanol yield as possible, and, 
with the duration of the experiment maintained constant, the greater 

^ Newitt, D.M., and A.E. Haffner, Proc. Roy. Soc. London, A, 134, 591 (1932). 
PiCHLER, H., and R. Reder, Z. angew. Chem., 46, 161 (1933). Newitt, D.M., 
Proc. Roy. Soc. London, A, 147, 555 (1934). Cf. also Newitt, D.M., and D.T.A. 
Townend, Combustion Phenomena at High Pressures, “The Science of Petroleum, “ 
Vol. IV, Oxford, 1938. 
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reaction velocity at higher pressures demands, of course, a lower tempera- 
ture (Table 76). 


Table 76. — Methanol Yield in the Reaction of 8.ICH4 + O2 at Various 
Initial Pressures and Temperatures (From Newitt and Haffner) 


Pa, atm 

10 

25 

40 

48 

106.4 

149 

Temperature, °C 

400 

385 

372 

373 

341 

341 

CH3OH* 

1.1 

4.8 

6.1 

13.7 

22.3 

19.0 

HCHO* 


0.66 

1.20 

0.8 

0.75 

0.60 


* In per cent of combined methane. 


In these experiments, the CO content of the gaseous reaction products 
was extraordinarily small; the ratio C 0 :C 02 was between 0.06 and 
0.35. This is similar to the catalytic oxidation of aldehydes in packed 
containers. 

That considerable methane yields are to be obtained is shown by 
experiments in a flow system (Table 77), which are conducted at 50 atm 
Table 77. — Methane Oxidation in a Flow System at 50 Atm (From Newitt) 


Mixture 

Temperature 
of the 

reaction, °C 

Duration of 
the reaction, 
sec 

1 

1 % of the oxidized methane 

1 

M(ithanol 

Formaldehyde 

( 

435 

5 

51 

4.1 


135 

7 

49 

3 2 

9OCH4 + 30, + 7N4 

425 

10 

43 

3.2 

1 

428 

20 

12 

2.2 


in the neighborhood of 430®C.^ 

Again it can be seen that a large ratio of methane to oxygen (30:1) 
as well as short duration is favorable for a high methanol yield. That 
methanol is produced in a reaction of higher order than formaldehyde 
seems very probable from Table 78, which the author^ has compiled from 
experimental data by Newitt and Haffner. 

Table 78. — Ratio of the Alcohol Yield to the Aldehyde Yield in the 
Oxidation of Methane under Various Pressures (From Newitt and 

Haffner) 


Pressure, atm p 

[methanol] 

a 

P 

" [formaldehyde] 

48.2 

13.0 

0.27 

106.4 

31.5 

0.30 

150 

41.6 

0.28 


1 Newitt, D.M., Proe. Roy. Soc. London, A, 147, 555 (1934). 
* J08T, W., Z. Elektrochem., 41, 232 (1935). 
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The ratio of the alcohol yield to that of aldehyde is in these experi- 
ments quite exactly proportional to the pressure, as could be expected 
if the order of the reaction producing methanol were higher by one than 
that of the reaction that leads to aldehyde formation. The results could 

therefore be described most simply if we 
assumed two reactions competing with 
one another, of which the one forming 
methanol and proceeding according to 
the higher order would be favored by 
the increasing pressure . Methanol coul d 
therefore by no means be an intermediary 
product of formaldehyde formation. 
The experiments are to be sure not an 
absolute proof, since the yields found 
also depend on the succeeding reactions, 
but they are nevertheless quite 
convincing.^ 

Riesenfeld and Ginian^ were able to 
isolate formaldehyde, hydrogen peroxide, 
and ozone even from cooled flames of 
methane in oxygen. H(^re formaldehyde 
and H2O2 are thought to be produced 
independently of each other, and ozone 
is regarded as a product of the disintegration of H2O2. 

Methane in mixture with oxygen shows explosion limits at low 
pressures that are similar to those of hydrogen and carbon monoxide 
(Neumann and Serbinow^). Since hydrogen and carbon monoxide 
appear as intermediary products in methane oxidation — ^formaldehyde^ 
appearing at low temperatures would, at higher experimental tempera- 
tures, disintegrate finally to H2 and CO — a special investigation would 

^ The observation of Newitt (‘^The Science of Petrolenin/' Vol. IV, p. 2885, 
1938), that inert dilution materials reduce the reaction velocity and decrease the 
amount of methanol and formaldehyde that is fornnid or survives, might be inter- 
preted as conditioned for the most part by the RMiuction in mcithane concentration on 
which aldehyde and alcohol formation are greatly dependent. 

* Riksenfeld, E.H., and D. Gurian, Z. physik. Chem.^ Sec. A, 139, 195 (1928). 

3 Andreev, E.A., and Neumann, M.B. ,P/i2/s. Z. Sovet., 4, 14 (1933). Neumann, 
M., and A. Serbinow, Naturej 128, 1040 (1931); Phys. Z. Sovet., 1, 53G (1932); 4, 
433 (1933). Neumann and Egorow, Phys. Z. Sovet., 1, 700 (1932). Kowalsky, A.j 
P. Sadownikow, and N. Tschirkow, Phys. Z. SoveL, 1, 451 (1932). Sadownikow, 
P., Phys. Z. Sovet.y 4, 735, 743 (1933). Lawrow, F.A., Phys. Z. Sovet, 4, 787 (1933). 

* Probably formaldehyde would disintegrate much more rapidly in reacting mix- 
tures than by itself. In the disintegration of dimethyl ether, for example [Fletcher, 
C.J., and G.K. Rollefson, J. Am. Chem. Soc., 68, 2135 (1936)], formaldehyde that 
is present is said to disintegrate about fifteen times more rapidly than by itself. 



( ReaktioiiHgeschwindigkeit = reactioiA 
velocity \ 

GelttsadurchuMisser — chamber diam- I 
eter / 

Fig. 197. — Dependence of the 
oxidation velocity of methane on the 
chamber diameter. Mixture CH 4 H- 
O 2 at 350®C. {From Norriah and 
Foord, Proc. Roy. Soc. London, A, 
vol. 157.) 
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be required to determine in how far the explosion is one only of hydrogen 
and/or of carbon monoxide. According to Garner,^ it is quite certain 
that we are actually dealing here with a carbon monoxide explosion. 

Norrish^ has likewise investigated methane oxidation more thor- 
oughly. In the neighborhood of 580®C, the reaction between methane 
and oxygen shows a decided induction period, 
in pressure which reaches a static maximum 
velocity 

w = ^ = /f[CH4]n()2]p 

in which p is the total pressure (addition of 
nitrogen, for example, favors the reaction).^ 

k depends very much on the condition of 
the wall. For small chamber diameters, a 
great dependence on these diameters is an 
added fat; tor (Fig. 197). Packing the reaction 
chamber almost totally suppresses the reac- 
tion. Ignition is explained by Norrish in this 
way: In exceeding a certain critical reaction 
velocity, the thermal etpiilibrium is disturted 
(page 278). Figure 198, in which the induc- 
tion tiin(\s for both cases are plotted, shows 
that no instability appears between the quiet 
reaction and the oth; leading to explosion. 

The “induction period of the nonexplosive 
reaction is taken to mean the time up to the turning point on the time- 
conversion curve, i.e., the time up to the attainment of maximum velocity. 
Th(;se observations are at least in agreement with the suggested explana- 
tion for the appearance of explosion. Hydrogen chloride decreases the 
ignition temperature, and chlorine in low concentrations inhibits the 
reaction. In higher concentrations, however, it favors reaction. 

Iodine effects a decided inhibition in the neighborhood of the ignition 
temperature. At low temperatures, it has little influence on the velocity 
of the slow reaction but greatly reduces the induction period. Small 
quantities of formaldehyde suppress the induction period of the slow 
reaction but do not (ihange the maximum velocity of the conversion 
(Fig. 199). 

1 Garner, W.K., Personal remark. Note added to the proofs: The extensive 
work has appeared, Proc. Roy. Soc. London, A, 170 , 80 (1939). 

2 Norrish, R.G.W., and S.G. Foord, Proc. Roy. Soc. London, A, 157 , 503 (1936). 

3 This time law is, by the way, identical to that found by Prettre (p. 310) for 
oxygen-hydrogen oxidation above the upper explosion limit. 
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Flu. 198. — Induction peri- 
ods for the slow reaction and 
for auto-ignition of CH 4 + O 2 
at various pressures and 720°C. 
In the slow reaction the induc- 
tion period is computed as the 
tirtie to the attainment of the 
maximum value of the relic- 
tion velocity. {From Norriah, 
p. 411.) 
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Norrish and Wallace^ have investigated methane oxidation sensitized 
by NO 2 (NO 2 , as in oxygen-hydrogen oxidation, has an accelerating 
effect on the reaction, cf, page 203). In all probability, a reaction chain 
is induced by oxygen atoms. ^ These 0-atoms could, according to 

Norrish, be produced by the 
reaction 

NO + O 2 = NO 2 + 0 - 47 kcal 

or, in spite of the stronger heat 
absorption, perhaps more prob- 
ably according to 

NO 2 = NO + 0 - 67 kcaF 



> 














VO 


60 


80 
sek 

Fio. 199. — Influence of formaldehyde 
additions on the slow oxidation of CH 4 4- O 2 
with 200 mm total pressure and 650®C 
(pressure variation as a measure of conver- 
sion). Formaldehyde f A B C D 

(5 2 0.5 0 mmHg. 

(From Norrisht P* 411.) 


The formal result derived by 
Norrish on the basis of an 0-atom 
chain fits remarkably well the 
discovered dependence on the 
temperature on the part of the 
NO 2 pressure that is necessary for 
ignition. 

Norrish^s conclusion that, in the presence of NO 2 , reaction chains 
are induced by oxygen atoms is not improbable. On the other hand, 
the conclusion that the total methane oxidation, even at low tempera- 
tures, is a chain reaction principally continued by oxygen atoms is not 
so convincing. The pattern is said to be 

0 + CH 4 CH 2 + H 2 O + 48 kcal 
CH 2 + O 2 -> CH 2 O + 0 + 15 kcal 


with chain-breaking according to 

CH4 + 0 + (M) CH3OH + M + 88 kcal 
0 + wall MO 2 
NO 2 + 0 NO + O 2 + 47 kcal 

With the formal expressions derived from this pattern, a number of 
observed facts, though not all, can be explained. For details, see the 
original. There is some evidence for the possibility of an appearance of 
CH 2 -radicals under certain conditions.'^ We should like to assume. 


1 Norrish, R.G.W., and J. Wallace, Proc. Roy. Soc. London, A, 146, 307 (1934). 
Cf. also Norrish, Proc. Roy. Soc. London, 160, 36 (1935). 

* Cf. also Norrish and J.G.A. Griffiths, Proc. Roy. Soc. London, A, 139, 147 
(1933). 

* Schumacher, H.J., Z. physik. Chem., Sec. B, 10, 7 (1930). 

^ Cf. in this connection Belchetz, Trans. Faraday Soc., 30, 89 (1934). Norrish, 
Trans. Faraday Soc., 30, 103 (1934). Also, the discussion at the spring meeting of the 
Faraday Society, 1939; in Trans. Faraday Soc., August, 1939. 
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however, that this pattern, in spite of its simplicity, will have to be 
modified at least for the range of lower and middle temperatures, both 
because it cannot explain all the observed facts, and for general reasons 
that we shall go into when discussing the mechanism of the hydrocarbon 
oxidation (c/. page 485). 

Gimmelmann and Neumann ^ have investigated the oxidation of methane in the 
presence of methyl nitrite; the reaction mixture was in a quartz container of 30 mm 
diameter cleansed with hydrofluoric acid; the conversion was observed by means of a 
recording glass-membrane manometer. For pure methane-oxygen mixtures, they 
found, in agreement with other works (cf. page 420), the following for the time varia- 
tions in the rise in pressure: 

Ap — 

with 

where n = 2 and E ^ 80,000 cal.^ 

By the addition of 3 per cent of methyl nitrite in a mixture consisting of 
ICH 4 + 2 O 2 , the course of the oxidation is completely changed. The induction 
period is suppressed, and the reaction itself is greatly ficcelerated. The mixture of 
CH 4 + O 2 at 64 mm pressure reacts more rapidly in the presence' of 3 per cent methyl 
nitrite at 418°C than the same mixture reacts without nitrite at 637®. From the 
experiments, which were carried out with pressures between 26 and 85 mm Hg and 
between 418® and 526®C, the reaction velocity at the beginning turned out to be 

Wii = 

with n = 1.7 and E = 16,000. 

Although wall processes essentially come into consideration for 
methanes oxidation at low temperatures, even in the case of auto-ignition 
(as well for chain induction as for chain-breaking), the influence of the 
wall might steadily decrease toward the higher temperatures (Sachsse).® 
Even without the special observations by Sachsse, such a behavior would 
seem quite probable. 

Sachsse determined the induction periods for methane ignition 
between 850° and 950°C and found them between ^ 10“^ and 10""^ sec. 
He worked with flow in quartz tubes 12 and 1 4 mm in diameter which were 
sometimes packed with quartz tubing. Since a wall influence on ignition 
could not be determined under these circumstances, Sachsse attempted 
an explanation of the processes as pure thermal explosion; for this pur- 
pose, he used Norrish’s pattern. Concerning this, it must be said that 

^ Gimmelmann, G.A., and M.B. Neumann, Acta Physicochim, URSSj 7, 221 
(1937). Cf. also Gimmelmann, G., M. Neumann, and P. Sokov, Acta Physicochim. 
URSS, 6 , 903 (1936). 

* All such formulas are to be understood to a largo extent as interpolation formulas, 
even though, under special presuppositions (Chap. VIII), they can be theoretically 
established. 

* Sachsse, H., Z. physik. Chem.j Sec. B, 33, 229 (1936). 
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objections that can be made to the special stages of such a mechanism 
need not necessarily apply to the reaction at high temperatures. In 
addition, only the following assumptions enter into Sachsse^s result: 
The reaction is induced by the oxygen atoms present in the thermo- 
dynamic equilibrium; the reaction of these 0-atoms with methane is 
velocity determining, for which data from the measurements of Harteck 
and Kopsch^ have been used (although it is not, of course, certain that 
atomic reaction observed by Harteck and Kopsch is idonti(;al with that 
postulated by Norrish). According to Harteck and Kopsch, an activa- 
tion energy of ^ 9.5 kcal is computed from the impact yield at room 
temperature (of 10”^), whereas an activation energy of 3 kcal would 
result from the temperature dependence between 30° and 189°. Sachsse 



Fig. 200. — Computed (solid curve) and measured vjilues of induction periods in tin? 
auto-ignition of methane. Mixture 62CII4 + 3802 with 070 mm Hg initial pressuie. 
Circles and squares refer to measurements in various reaction chambers. Crosses refer 
to a chamber packed with quartz tubes. (From Sachsse, p. 414.) 

computes with 8 kcal and assumes that the reaction velocity would in this 
way be correct at 1100° abs to about one power of ten. This can be 
regarded as a reasonable estimate. Since the heat of dissociation of 
oxygen amounts to 117 kcal, the concentration of the 0-atoms in equilib- 
rium must change with the temperature as exp ( — 58, 500/7? T). Added to 
the resulting temperature dependence, there would also be the heat of 
activation of the 0-atoms amounting to about 8 kcal; and the total 
heat of activation should therefore amount to about 66.5 kcal. The 
computation of the induction period with this velocity expression has 
been undertaken graphically and is essentially equivalent to the computa- 
tions of Todes (c/. page 14) (but carried out independently of Todes). 
Computed and measured induction periods are shown in Fig. 200; the 
agreement can be regarded as quite satisfactory. From the temperature 
dependence of the induction periods, we should compute an apparent 
activation heat of ^ 62 kcal [that this value does not coincide exactly 

‘ Harteck, P., and U. Kopsch, Z. physik. Chern., Sec. B, 12, 327 (1931). 
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with that valid for the reaction is to be expected; cf, the approximation 
expression (page 18 ) derived by Todes in which temperature-dependent 
factors appear in addition to the e power]. 

Since, as Sachsse himself emphasizes, the computations remain valid 
under somewhat more general presuppositions than those in the Norrish 
pattern, it must probably be assumed that the result will remain essen- 
tially correct even though the reaction pattern will have to be modified. 

Further data on ignition temperatures of methane-air mixtures of 
various compositions and pressures will be given later. ^ 


Tablpj 79. — Values of 4 ^ [According to Kqs. (3) and ( 4 )] for 2CH4 + O2 at 
770 Mm Hg (According to Experiments by Bone and Allum Computed 

BY Semenoff) 


Temperature, 

l/T X 10^ 1 

‘i> min ^ 

<1» sec"^ 

447 

13.89 

0.30 

0.005 

442 

13.99 

0.15 

0 0025 

435 

14.12 

0 09 

0.0015 

423 

14.37 

0.03 

0.0005 


Semenoff has applied to the variations in time of methane oxidation the relations 
that have been derived by him for reactions with chain-branching.* The reaction 
velocity, measured by the rise in pressure, follows this expression up to a conversion 


of 50 to 60 per cent 

Ap = const 6’^* 

(s) 

where t is the time. 

From Ilinshclwood's experiments, he finds 



4> = A-[CIlol‘-" 

(4) 


From the experiments of Bone and Allum (eited page 410), Semenoff determined the 
values according to Table 79. 

From this, 4> as a temperature function becomes 

= (7<.~46.ooo/r 

with C = 10*'\ It is difficult to say whether such relations in the case of complicated 
reactions, in which wall processes take part in an unpredictable manner, mean more 
than an interpolation formula. 

Neumann and Egorov (cited page 416) find the following for the induction period 
in the explosion of methane-oxygen mixtures as a function of the pressure and the 
temperature: 

^^ 1 . 8 ^,- 41 . 000 / 7 ' = ( 5 ) 

^ Townend, D.T.A., and E.A.C. Chamberlain, Proc. Roy. Soc. London^ A, 154 , 
95 (1936). 

* Semenoff, “Chemical Kinetics and Chain Reactions”; also Phys. Z. Sovet., 
1, 546, 601 (1932). 
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The apparent heat of activation (82 kcal) is not very different from that appearing in 
# £q. (4) (92 kcal), just as the pressure dependence is about the same.^ 

d. The Oxidation of Ethane . — The oxidation of ethane is similar to 
that of methane, only at lower temperatures. ^ The reaction shows an 
induction period which can be greatly reduced by means of various 
additions (Table 80), among them also iodine (however, cf. page 412). 


Table 80. — The Oxidation of Ethane at 316®C and 720 Mm Hg (From Bone 

AND Hill) 

Dry Mixture CoHo + O 2 


Mixture + addition 

Induction period, 
min 

Reaction time, 
min 

CzHe + O 2 dry 

30 

70 

-f-1% H 2 O- vapor 

10 * 

25 

4~ 1 % ethanol 

6 

18 

-f“l % iodine 

5 

25 

+ 1% NO 2 

0 

20 

-1-1% formaldehyde 

0 

20 

-1-1% acetaldehyde 

0 

Instantaneous ignition 


Especially striking is the effect of acetaldehyde, which is in a certain 
contrast to findings by Steacie and Plewes to be discussed later. 

Here too the reaction velocity is greatly dependent on the ethane 
concentration. Of the mixtures C 2 H 6 + 3 O 2 , C 2 H 6 + 2 O 2 , and 2 C 2 H 6 
+ O 2 , the last is, at the same pressure and temperature, by far the most 
capable of reaction (Bone and Hill). Steacie and Plewes find about 
3.5 as the apparent reaction order in respect to ethane; their experiments 
were carried out at an essentially higher temperature (452°) than those 
of Bone and Hill. As reaction products, besides CO, CO 2 , and H 2 O, 
aldehydes and, in small amounts, also peroxide are proved to be present 
(perhaps peracids), as well as ordinary acids. The most careful analyses 
of the reaction products that appear have been made, again, by Bone 
and his associates. The results of an experiment carried out at 304 ± 1°C 
are shown in Fig. 201. It is noteworthy that the formation of peroxides 

^ Here it is necessary to point out again that, according to Garner, methane explo- 
sion is in reality probably a ('O explosion (c/. p. 416). 

* Bone, W.A., and S.O. Hill, Proc. Roy. Soc. London, A, 129 , 434 (1930). Bone, 
W.A., and Allum, Proc. Roy. Soc. London, A, 134 , 578 (1931). Steacie, E.W.R., and 
A.C. Plewes, Proc. Roy. Soc. London, A, 146 , 583 (1934). Bone, W.A., and J. Drug- 
man, Trans. Chem. Soc., 89 , 939 (1906). Newitt, D.M., and A.M. Bloch, Proc. 
Roy. Soc. London, A, 140 , 426 (1933). Sadownikow, P., Phys. Z. Sovet., 4 , 735, 743 
(1933)’. Kowalsky, Sadownikow, and Tschirkow, Phys. Z. Sovet., 1 , 451 (1932). 
Taylor, H.A., and Riblett, J. Phys. Chem., 35 , 2667 (1931). Newitt, D.M., 
Proc. Roy. Soc. London, A, 147 , 555 (1934). 
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and aldehydes runs parallel and that the latter reach their maximum 
concentration about when the reaction velocity assumes its maximum. 
Again, under normal conditions, alcohols do not appear in noticeable 
quantities as reaction products; although, as in methane, considerable 
yields of alcohol can be obtained under special circumstances. This was 
first found to be the case by Bone and Drugman concerning ethane under 



/Partialdriicke = partial prosRure8\ 

VGesaintdruck = total pressure / 

Fig. 201. — Reaction of 2 C 2 H 6 + O 2 at 304®C and 688 min initial pressure. Plotted 
are the total pressure 2, as well as the partial pressures of ethane 1, oxygen 3, total aldehyde 
(scale X 10) 4; the same for formaldehyde 5, CO 6, peroxide (scale X 10) 7; formic acid 
(scale X 10) 8, CO 29 . {From Bone and Hill, p. 416.) 

the influence of ozone at room temperature and at 100°C. It was also 
found by Newitt and Bloch at high pressures, analogous to methane. 
At initial pressures up to 100 atm and temperatures between 270® and 
360°, considerable yields of alcohol can be obtained; in one experiment, 
for example, 60 per cent of the burned ethane. Table 81 gives a survey 
of the relations. 

Information on the reaction velocity can be obtained from Table 82, 
likewise from Newitt and Bloch. 
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Table 81. — Influence op the Initial Pressure on the Survival op the Reaction 
Products op a Mixture of 88.4C2H6 -h II.6O2 (From Newitt and Bloch) 


Initial pressure, 
atm 

Initial tempera- 
ture, °C 

Duration of reac- 
tion, min 

Percentage of carbon from the burned ethane found in 

m 

q 

w 

6 

HO'HO 

OHO'HO 

HCHO 

HOOO'HO 

HCOOH 

Total in conden- 
sable products 

15 

315 

3.0 

16.0 

lai 

1.9 

4.5 

B 

■■■ 

41.8 

50 

294 

3.25 

17.2 

isi 

5.2 

1.9 

■9 


39.1 

75 

279 

2.5 

18.0 


6.8 

0.4 



46.0 

100 

270.5 

4.5 

23.6 

14.0 

9.7 

0.1 



50.4 


Newitt, in an experiment carried out with a mixture of 90 C 2 H 6 , 3 O 2 , 
and 7 N 2 at 50 atm and 360°, with a reaction duration of only 4 sec, found 
the following yields, corresponding to the carbon of the converted ethane: 
C 2 H 5 OH, 62.6 per cent; CH 3 CHO, 4.8 per cent; CH 3 COOH, 1.1 per cent: 
CH4, 9.3 per cent; CO, 9.2 per cent; CO 2 , 4.7 per cent. 


Table 82 . — Oxidation of Ethane (88C2H6 -f I2O2) at 100 Atm (From Newitt and 

Bloch) 


Temperature, 

262.2 

265 

266.5 

270.5 

275 

278 

Duration of the induction period, 
min 

25 

21 

23.5 

12 

5.75 

4.0 

Duration of the reaction period, 
min 

15 

13 

11 

4.5 

2.75 

1.25 


Also, in ethane oxidation, surface reaction might principally take 
place during the induction period. Steacie and Plowes found that 
packing the reaction chamber with quartz tubing shortens the induction 
period (however, cf. page 411 above). Especially when the surface is 
enlarged six times the induction period is reduced to one-sixth its former 
value. On the other hand, this enlarging of the surface caused the 
reaction following the induction period to be greatly suppressed, which 
points to a chain-breaking at the wall. That the induction period is 
related to surface processes can be concluded also from experiments by 
Taylor and Riblett (cited page 422), who worked with pyrex containers 
between 450° and 480°. Here the induction period amounted to only ^ 2 
min and was very irregular. Packing the chamber with pyrex reduced 
the velocity only a little. After the walls were coated with KCl, the 
reaction was practically suppressed. 
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Steacie and Plewes investigated ethane oxidation especially in 
respect to the role of acetaldehyde as the main intermediary product 
of conversion. They found that acetaldehyde shortens the induction 
period, and they are thus in agreement with Bone. With mixtures 
of IC2H6 + 2.3O2 at 452° and pressures of about 60 to 70 mm Hg, for 
example, they found induction periods between about 35 and 70 min 
(the longer the reaction chamber was pumped out after an experiment 
the longer the induction period in the following experiment, an observa- 
tion made again and again), which could be reduced to 0.5 up to 1 min 
by the addition of, to be sure, not too small quantities of acetaldehyde, 14 
to 21 mm Hg. That, in spite of a higher temperature in contrast to 
Bone\s observations, no immediate ignition took place with the addition 
of acetaldehyde might be explained by the fact that Bone worked with 
mixtures richer in ethane at much higher pressures and that in addition 
the special condition of the container surface might have played a role 
(c/. page 430). On the other hand, acetaldehyde, according to Steacie 
and Plewes, is without influence on the main reaction. This might also 
be due essentially to the reaction conditions cihanged by the higher 
temperatures. We shall come back to this later (page 480). 

Steacie and Plewes also found ethylene among the reaction products 
in noticeable concentrations up to 10 per cent, and they conducted 
special experiments on the oxidation of ethane in mixture with ethylene. 
These experiments showed that substituting ethylene for ethane made 
practically no difference during the main rea(;tion. Steacie therefore 
concludes that ethylene, which is always found as a reaction product, 
in one case corresponding to 63 per cent of the combined ethane, is an 
essential intermediary product of the oxidation. 

Sadowiiikow found that, in quartz containers that are treated with 
hydrofluoric acid, the velocity of the ethane oxidation (for mixtures 
of C2H6 + 3.502) is independent of the diameter of the container between 
the limits of 2 and 40 mm. Since a change in the condition of the wall 
is of influence on the reaction, however, we can here be dealing only with 
a special case in which the influence of the diameter of the container 
does not make its(4f felt because of the small breaking probability at the 
wall (in this connection, see Chap. VIII, page 275, as well as Kassel 
and Storch; also Lewis and v. Elbe, cited page 273). 

Ethane also shows an island-like explosion range at low pressure, 
just as does methane, and here too it must be taken into account (accord- 
ing to Sadownikow, cited page 422) that the explosion is really no 
ethane explosion but an explosion of the carbon monoxide produced 
intermediately. 

Gimmelmann and Neumann (cited page 416) have also studied ethane oxidation 
in the presence of methyl nitrite. Without additions, for a mixture of C^He + 3.502 
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between 635® and 6d8®C and with pressures of 96 to 256 mm Hg, they found the 
time-pressure rise given by 

Ap ^ Ae*^ 


with 


^ == const p^-^e 2o,4oo/r 


where the apparent heat of activation would thus be 40.8 kcal. 

The addition of methyl nitrite again changes 
the character of the reaction basically (Figs. 
202 and 203). The change of the reaction 
velocity with the concentration of the methyl 
nitrite under otherwise constant conditions is 
shown by Fig. 203. If the temperature and 
pressure are raised, the velocity increases until, 
at certain critical values, explosion takes place. 
Even if the reaction is completed in 3 to 10 sec, 
it is still completely analogous to the slow con- 
version. Also, in the experiments in which 
explosion results, the initially constant reaction 
velocity can still be measured by pressure 
recordings. Here the reaction velocity follows 
continuously the velocity that is measured in 
experiments not leading to explosion (c/. 
NorrLsh's rcsuli-s in methane oxidation, page 
418). The activation energy also remains the 
same; 37.6 kcal results as a probable activation 
energy, which to be sure changes greatly with 
the pressure and composition. It is assumed 
that heat production is responsible for 
explosion. 1 

To test the thermal nature of the ignition, experiments were conducted to measure 
the temperature in the reacting mixture by means of a resistance thermometer. They 
showed a considerable rise in temperature during the induction period. This rise in 



Fig. 202. — Rc.-iction of ethane 
with oxygen at 697®, 1, and 535®C, 
2. For meaning of 4>, see the text. 
(From Gimmelmann and Neumann, 
p. 413.) 



Fig. 203. — Reaction velocity of C 2 H 0 + 3.502 + X per cent methyl nitrite at 408®C and 
106 mm Hg initial pressure. (From Gimmelmann and Neumann, p. 413.) 


temperature might partly have been conditioned by a catalytic reaction on the surface 
of the platinum resistance thermometer. 


^ Cf. Norrish, cited page 417 and Gimmelmann, G., and P. Sokov, ActaPhysico- 
chim. URSS, 6 , 903 (1936). 
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The formal side of ethane oxidation has been discussed^ once more, by Semenoff. 
The experiments by Bone and Hill can be expressed, up to the moment in which 
30 to 40 per cent of the initial substance has reacted, by (change in pressure as a 
measure of the reaction velocity) 

Ap «= Ae** 

where 

$ ^ const 

In this, y is the share of ethane in the reaction mixture; D becomes about 10^* for 
p = 770 mm Hg; and y = 0.5, if t is figured in minutes. The apparent heat of 
activation of 38 kcal fits quite well the activation energy of 42 kcal derived in similar 
experiments by Kowalsky, Sadownikow, and Tschirkov. From the time variations 
in these experiments, which are carried on at essentially higher temperatures (490® to 
650®C) and lower pressures (24 to 70 mm Hg) than those of Bone, there is obtained 
for ^ 

^ = const p^ ^-ai.ooo/r 

again in good agreement. The numerical value of ^ depends (a& could be expected) 
greatly on the condition of the wall, as special experiments by Kowalsky have shown. 

The strong influence of Ihe surface can, according t(.- Semenoff, be understood from 
the standpoint of degenerate explosions only by the fact that chain-branching takes 
place exclusively on the surface. We wish once more to be very reserved regarding 
any conclusions supported exclusively by formal relations. 

e. The Oxidation of Propane . — Propane belongs to the materials whose 
oxidation behavior has been especially thoroughly investigated.^ 

In his first investigation, Pease found the following: In an empty 
container of pyrex glass, complete reaction was obtained in about 13 sec 
at 375° with a mixture of CsHg + O 2 . On the other hand, there was 
hardly a noticeable conversion even at 500°C in a container packed 
with glass rods. There was therefore the usual inhibition by the wall, 
perhaps by chain-breaking. At about 550°, the reaction was again com- 
plete. If the walls of the packed chamber were coated with KCl, the 
temperature at the beginning of a noticeable reaction was raised from 
500° to 575°, and even at 625° the reaction was still incjomplete. 

An investigation of the inhibited reaction in packed containers 
yielded the following: With KCl coating, there appeared principally, as 
reaction products in the neighborhood of 575°, unsaturated hydrocarbons, 
methane, little hydrogen, carbon monoxide, and carbon dioxide. With- 
out KCl coating, at 550°, unsatui’ated hydrocarbons and methane in 
addition to larger quantities of CO, CO 2 , and H 2 were found. The 
relative conversion of propane was almost independent of the oxygen 
concentration. The primary reaction was apparently about of the first 

1 Pease, R.N., J. Am. Chem. Soc., 61, 1839 (1929). Pease and Munro, J. Am. 
Chem. Soc., 66, 2034 (1934). Pease, J. Am. Chem. Soc., 67, 2296 (1935) ; Chem. Rev.y 
21, 279 (1937). Harris, E.J., and A. Egerton, Chem. Rev.j 21, 287 (1937). 
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order in respect to propane, but, it should be noted, only with the reaction 
in a packed chamber. If oxygen was displaced by nitrogen, however, 
only about one-half to one-third as much propane reacted; it was thus 
not a matter of a purely thermal disintegration of the propane. 

In the unpacked but KCl-coated container, the reaction began at 
'^325®; as reaction products there were found CO, CO 2 , and at low 
temperatures little and at high temperatures much unsaturated. At 
300®, conversion could not yet be proved, whereas it is considerable at 
325®, with a consumption of 30 to 95 per cent of the oxygen. With an 
increase of the oxygen concentration (mixture 302:1C3H8), only about 
one-half to one-fourth of the oxygen reacts. Thus far, the characteristic 
phenomena of propane oxidation agree essentially with what we have 
learned of the lower paraffins and similarly also of aldehydes and 
unsaturated. 

Something entirely new confronts us in propane, something generally 
noted in all higher normal paraffins and olefins, namely, a range with a 
“negative temperature coefficient^' of the reaction. Pease found the 
following oxygen consumption by permeation of a mixture of 300 cm® 
oxygen and 100 cm® propane: 


Temperature, °C 

325 

350 


— 

425 

450 

Oxygen consumption, cm*"* 

0 

119 

Hg 

n 

67 

Explosion 


This course is characteristic — ^within a very narrow temperature interval, 
a rise of a nonprovable reaction to the point of considerable conversion, 
with further rising temperature and a decrease of the conversion until, at 
a still higher temperature, explosion results. We shall see later 
that the first sudden rise in velocity, which clearly is to be regarded as 
explosion, perhaps as degenerate explosion in the sense of Semen off, 
namely, as nonstatic reaction which, however, is stopped short at a 
stage that corresponds to the formation of aldehydes as well as their 
disintegration products (CO, H 2 O, etc.), is connected with the appearance 
of “cold flames" (cf. page 437) and that these again disappear at higher 
temperatures, hence the “negative temperature coefficient." The 
latter, therefore, probably does not refer to a static chemical reaction. 
Under varied conditions (enriching the mixture, raising the pressure), 
the cold flame can, by the way, pass over into a regular flaming (cf, 
page 452). 

Under the conditions of Pease’s experiment, we can substitute 
nitrogen or other gases for a part of the oxygen at 375° without detriment 
to the reaction. On the other hand, the reaction is inhibited by this at 
425®. If we substitute hydrogen for one-third of the oxygen, no provable 
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reaction takes place at all.^ This observation is singular; it is confirmed, 
however, by later investigations of the higher paraffins (Prettre*). 

Pease assumed (1929) three types of reactions 

(I) CsHs C 3 H 6 + H 2 

(II) C 3 H 8 + HO 2 C 3 H 6 + H 2 O 

(III) C 3 H 8 + 2 O 2 CO + 2 H 2 O + CH 3 CHO 

which naturally do not describe the actual mechanism. 

Butane reveals a behavior in oxidation analogous to that of propane. 
Later investigations yielded the following details; Peroxides, which 
are demonstrable in nonpacked reaction chambers without KCl coating, 
disappear as soon as the wall is coated with KCl without changing 
essentially the course of the entire reaction. This suggests that stable 
peroxides either are not formed by the KCl coating or are destroyed 
but that the unstable intermediary products of reaction, perhaps also 
of a peroxidic nature, are less influenced by it. 

More exact investigation further shows that methanol is among 
the reaction products and that its formation as well as that of formalde- 
hyde is favored by excess propane; we shall come back to this in discussing 
Egerton^s experiments. Acetaldehyde does not accelerate propane 
oxidation anywhere near so much as it does ethane oxidation, according 
to Bone (c/. in this connection Steacie^s experiments on ethane oxidation, 
page 425). In order to investigate the slow oxidation of propane in 
greater detail, Pease lowered the temperature to below 300*^; but, since 
at about 280° the induction period became too long, he added some 
acetaldehyde in order to shorten it.^ At this temperature and at a 
pressure for propane and oxygen of 300 mm each in a noncoated reaction 
chamber, the induction period (reckoned to a point of time in which the 
rise in pressure amounted to 1 mm) was found to be 39 min, and the 
reaction was completed in another 5 min. If, previous to this, 20 mm 
acetaldehyde was introduced into the reaction chamber, a mild explosion 
resulted. With 2 mm acetaldehyde, the induction period amounted to 
() min, and the further reaction required a further 5 min (the effect of the 
acetaldehyde is therefore similar to the aldehyde effect in other cases; 
cf. Norrish^s experiments on methane oxidation with additions of formal- 
dehyde, page 418). Under the same conditions, the induction period in a 
KCl-coated chamber lasted over 5 hr; and, even at 10 ° lower temperature, 
20 mm acetaldehyde caused ignition. With 5 to 10 mm acetaldehyde, 

^ This effect of hydrogen is very peculiar and can perhaps be explained only by a 
change in the condition of the wall; cf. Prettre’s observations in oxygen-hydrogen 
oxidation, Chap. IX, pp. 311^. 

*Prettre, M., Compt. rend.^ 203, 619 (1936); cf. also 202, 954, 1176 (1936); 
203, 561, 1152 (1936); Ann. Office nat. des combust, liquides, 11, 669 (1936). 

* Ethylene oxide in the place of acetaldehyde was not effective. 
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the induction period was still 1 to 2 min. Pease assumes^ — and this 
assumption seems to agree with all other findings — that the induction 
period and the effect of the acetaldehyde are connected with surface 


Table 83. — Reaction of Propane with Oxygen at 270°C (in the Presence of 
5 Mm Acetaldehyde) in Noncoated, Empty Reaction Chamber [From 
Pease (Pyrex Tube 2.5 Cm in Diameter and 18 Cm in Length)] 


Mixture 

Initial pressure, mm Hg 

C,H. 

202 

211 

205 

407 

0. 

199 

197 

384 

203 

Ns 

— 

202 

— 

— 


Time, min 

Rise in pressure, mm Hg 

1 

0 

i 0 

0 

1 

2 

0 

^ 0 

0 

2 

3 

1 

1 

1 

6 

4 

2 

3 

2 

14 

6 

4 

5 

3 

28 

6 

7 

9 

0 

57 

7 

12 

15 

10 

63 

8 

19 

22 

17 

64 

9 

27 

30 

26 

— 

10 

30 

41 

34 

— 

13 

00 

(>0 

03 

— 

25 

— 

— 

118 

— 

30 

— 

— 

119 

— 


processes. As a result, it may be assumed that small aldehyde additions 
will have no influence or only a very small influence on the reaction, if 
the reaction is permitted to take place under such conditions that the 
wall can play no role, or at least only a minor one, e.g.y in the knocking 
process in the Otto engine (Chap. XII) or the ignition process in the 
Diesel engine (Chap. XIII). Such observations, therefore, by no 
means contradict others made under entirely different conditions in 
slow oxidation (c/. Townend^s experiments, pages 476^.). 

Pease emphasizes the all-or-nothing^^ character of propane oxidation. 
We have pointed out above in connection with the first rapid rise of the 
conversion with the temperature and the following “negative tempera- 
ture coefficient’^ that we are obviously not dealing with a static reaction 
at all, but with a kind of explosion. 

At first very striking, but according to Lewis and v. Elbe very easy 
to understand, is the following observation by Pease. In the uncoated 
reaction chamber, the change of the oxygen concentration as well as the 
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Table 84. — Pbopane Oxidation in Un coated and KCl-coated Reaction Chamber 
AT 270.5®C WITH 5 Mm Acetaldehyde (From Pease) 


Initial pressure, 
mm Hg 

Time, during which the rise in 
pressure went from 20 to 40 mm 

CaHs 

02 

Without KCl coating 

With KCl coating 

400 

200 

1 

3 

200 

400 

2 

22 


Table 85. — Oxidation of Propane, as Above, but in KCl-coated Pyrex Chamber 
AT 280°C WITH THE ADDITION OF 10 Mm AcETALDEHYDE (THE LaST 
Experiment Designated with * with the Addition of 5 Mm 
Aldehyde) (From Pease) 


Mixture Initial pressure, mm Ilg 


C,H, 

195 

215 

i 

213 

408 

295 

0, 

196 

198 

403 

204 

289 

N, 

— 

204 

— 

— 

— 


Time, min 

Rise in pressure, mm Hg 

1 

0 

1 

0 

1 

0 

2 

0 

4 

1 

4 

0 

3 

1 

5 

1 

12 

1 

4 

2 

6 

1 

26 

1 

5 

2 

8 

1 

49 

1 

6 

3 

10 

1 

56 

2 

7 

3 

13 

1 

57 

2 

8 

3 

15 

1 

— 

3 

9 

4 

18 

2 

— 

4 

10 

4 

22 

2 

— 

5 

12 

5 

30 

3 

— 

10 

14 

6 

40 

3 

— 

19 

16 

7 

50 

4 

— 

36 

18 

7 

59 

5 

— 

63 

20 

8 

60 

6 

— 

87 

30 

14 

— 

10 


87 

40 

20 

— 

17 

— 

— 

50 

27 

— 

34 

— 

— 

60 

38 

— 

63 

— - 

— 

70 

49 

— 

90 

— 

— 

80 

56 

— 

103 

— 

— 

90 

57 

— 

112 

— 

— 
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addition of nitrogen is practically without influence on the reaction 
(Table 83). The reaction velocity and the induction period are accord- 
ing to this practically independent of the oxygen pressure and the addition 
of nitrogen but are very dependent on the propane concentration, 
analogous to other cases. 

The picture changes if we observe the conversion in the same chamber 
but after coating the walls with KCl (by filling the chamber with a KCl 
solution, permitting it to stand for some time, draining it carefully, and 
then drying; the remaining KCl coating is not visible and can be recog- 
nized only in the behavior of the reaction). The induction period rose 
at 280° and from 40 min to over 5 hr. Aldehyde additions reduced the 
induction period, but the following reaction was still retarded (Table 84). 

In Table 85 from Pease, we present experiments that were carried 
out with and without nitrogen additions in a KCl-coated chamber. 
In order to compensate for the deceleration of the reaction by KCl, he 
had, as opposed to earlier experiments, raised the temperature from 
270° to 280°, and likewise (except in one experiment) he had increased 
the aldehyde addition from 5 to 10 mm. In these experiments, the 
reaction is greatly accelerated by nitrogen addition ; the same is effected 
by oxygen but with the difierence that nitrogen additions also shorten 
the induction period, whereas an increase of the oxygen concentration 
accelerates the reaction only after the completion of the induction 
period. 

There is little reason to doubt the correctness of the explanation given 
by Lewis and v. Elbe^ for this behavior. With a great probability of 
chain-breaking at the wall, as could be assumed with KCl coating, the 
velocity of the diffusion of chain agents to the wall is determining for 
the breaking, which on its part depends on foreign gas additions, hence 
the sensitivity to nitrogen additions and the dependence of th(^ reaction 
velocity on oxygen partial pressure. With small breaking probability at 
the wall, as is obviously the case without KCl, the diffusion to the wall 
is no longer velocity determining, since a practically uniform concentra- 
tion of the chain agents exists constantly in the entire chamber; as a 
result, the addition of foreign gas cannot influence the reaction. The 
difference in the behavior of oxygen and nitrogen during the induction 
period must rest on the fact that oxygen, in contrast to nitrogen, actively 
takes part in the reaction occurring during this time and perhaps changes 
the condition of the surface in a manner about which we can as yet 
make no assertions. ^ 

Egerton and Harris^ have investigated propane oxidation in detail 

1 Lewis, B., and G. v. Elbe, Chem. Rev., 21, 285 (1937). Cf. also Chap. VIII, 
pp. 273ff. 

2 Cf, Prettre's observations with oxygen-hydrogen, pp. 310^. 

* Harris, E.J., and A. Egerton, Chem. Rev., 21, 287 (1937). 
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under varied conditions, laying special stress on a careful analysis of 
the reaction products. The experiments were carried out partly in a 
flow system (reaction chamber 10 cm long, 1.1 cm inner diameter) and 
partly in a static apparatus (quartz reaction chamber 42 cm long, 1.4 cm 
inner diameter). 

Experiments according to the static method in a reaction chamber 
washed with hydrofluoric acid as well as after washing of the chamber 
with KCl and NaCl solutions are shown by Table 86. The data refer to 

Table 86. — Oxidation of 1 CaHg + IO 2 at 1 Atm, According to a Static Method 
(From Harris and EgertonO 


Chamber 

Tem- 

pera- 

Con- 

sumed 

J 

Formed 


Mols X 10^ 


ture, ”C 

W 

Q 

M 0 0 

0000 1 

W 


0 0 5 i 

® W ^ h? 
W Ph u 0 

0 

W 

Qiiartz (cleaned) 

322 

25 

47.4 5.328.22.8 

0.8 

6.9 

3.72.08.00 

41 

Quartz (KCl) 

351 

21.8 

143. 9 5.5 23 4 

0.7 

4 

2.63.46.40 

40.5 

Quartz (KCl) . 

337 

22.8 

46 7.825.24.6 

0.6 

4.4 

2.83.26.70 

39 

Quartz (NaCl) 

323 338 

24.8 

45.7 7.719.63.6 

1.4 

6.4 

4.10.73.61.8 

46 

Quartz (NaCl) 

351 

23.1 

42.3 6.022.65.3 

0.3 

3.4 

2.82.24.1 1 .6 

39 

Quartz (NaCl) 

351 

23.1 

42.5 5.721.44.6 

0.9 

4.9 

2.52.93.1 0.8 

41 

Quartz (Fe 203 ) 

355 

16.4 

28.4 8.910.71.3 

0.3 

4.0 

0 2.30 0 

25 

Graphite tube 

320 

6.7 

20.511.5 5.20.6 

1.0 

3.9 

0 2 5 1.60 

9 


1 For methods of analysis, see E.J. Harris, Analyst, 62 , 729 (1937). 
* Chiefly ethylene and propylene. 

® Small quantities of higher alcohols are contained in it. 


a reaction that has completely run its course ; data on the duration of the 
reaction are lacking. As has been repeatedly mentioned in other cases, 
the duration of the induction period decreased when the same reaction 
chamber was used several times. 

The chief reaction products are CO and H2O, but, in addition, hardly 
negligible quantities of unsaturated, of aldehydes, and also of alcohol, 
chiefly methanol, appear; further, as in all experiments of that nature, 
CO2, and again, in agreement with other findings, relatively more CO2 
at low experimental temperatures where the presuppositions for a 
catalytic surface oxidation probably of aldehydes are given. Aldehydes 
and alcohol are all present in comparable concentrations. 

Flow experiments yielded analogous results, showing, in agreement, 
by the way, with many other findings,^ that a variation in the duration 


^ C/. especially Jost, W., L. v. MUffling and W. Rohrmann, Z, EleMrochem.y 
42 , 488 ( 1936 ). 
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of the experiment had very little influence if any induction time, as well 
as the normal reaction time, had passed, again a confirmation of the 
assumption that we are dealing by no means with a static reaction. 

The peroxides observed in Pease’s flow experiments were not present 
in the static experiments; they were, however, obtained in flow experi- 
ments in a quartz chamber washed with acid. The peroxide yield is 
very sensitive to the poisoning of the wall. After several successive 
experiments in the same chamber, the peroxide yield decreases, although 
it can again be increased by cleaning the surface with acid. In soda- 
glass tubes, no peroxide is formed; pyrex (as in Pease’s experiments) 
acts like quartz. If hot, gaseous reaction products are conducted through 
soda-glass tubes, the peroxides are momentarily destroyed; hence no 
peroxides were found in the static experiments, although they can be 
proved to be present if the entire reaction chamber is dipped in cold water 
before the reaction products are removed.^ 

An analysis of the condensed reaction products from flow experiments 
resulted in the following: The condensate was distilled at 22 mm pres- 
sure, and the distillate consisted chiefly of methanol. The peroxides 
disintegrated during the distillation. In the first experiment, the 
peroxide estimated as H 2 O 2 comprised about 10 per cent of the entire 
liquid before distillation; with fast distillation, violent explosion took 
place (Table 87). 

A greater part of the peroxides does not consist, according to the 
experimental results, of those which form acids during disintegration. 
The dioxydimethyl peroxide (CH 2 (()H) — O — 0 — CH 2 — OH) obtained 
by Lenher (c/. page 406) in ethylene oxidation was doubtless present. 
The ratio of formaldehyde to hydrogen superoxide in the first experiment 


Table 87. — Analysis of 1 Gram Liquid Reaction Products of Propane Oxidation 
(From Harris and Egerton) 


Products 

Experiment No. 1 

Experiment No. 2^ 

Residue at 40°C 

Distillate, of 

the volume 

Residue, % of the 
volume at 54°C 

CH,OH 

Trace 

0.300 

Trace 

HCHO 

0.309 

0.016 

0.045 

CH,CHO 

? 

0.076 

0.085 

Peroxide as H 2 O 2 

0.180 

0.004 

0.022 

Total 

0.489 

0.396 

0.193 

H 2 O 

0.511 

0.604 

0.807 


1 Small quantities of acid are not included in the table. 


^ All these observations are also of special importance in judging the experiments 
of other authors. 
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was 2:1, corresponding to this peroxide. Disintegration of the peroxide 
condensate with alkali furnished a gas that consisted of 80 per cent 
hydrogen and 20 per cent oxygen, the hydrogen corresponding to the 
equation 

CHaCOH)— 0— 0— CHaCOH) 2HCOOH + Ha 

This peroxide, which is noticeably dissociated at room temperature, 
probably does not exist in the gas phase. Egerton ascribes this to 
the fact that the hydrogen content of the gases is not increased when 
the gases are conducted through a soda-glass tube that disintegrates the 
peroxides. Probably HaOa and acetolyl peroxide are formed in the 
gas phase. 

Iron oxide apparently favors the surface reactions. 

Special experiments showed that the yield of other reaction products 
does not depend on the quantity of the peroxides present. The influence 
of the surface is difficult to prove exactly in static exx>eriments, because 
the surface itself changes in the course of the experiment. Table 88 
shows the results of static experiments (1 atm initial pressure) in which 
samples were taken at predetermined pressures. 

From this it follows that (1) the quantities of oxygen and propane 
consumed arc about in the ratio of 2:1, just as in Teasels analogous 
experiments; (2) carbon monoxide, carbon dioxide, and methanol con- 
stantly increase, probably as a result of the disintegration of the products 
of chain reaction; (3) the water, hydrogen, and aldehyde formed are 
proportional to the degree of conversion and are therefore probable 
products of chain reactions; (4) propylene and methane appear to be 
formed early in the reaction; and (5) the ratio of water formed to oxygen 
consumed is 1:1. 


Table 88. — Analysis of Reaction Products of Propane Oxidation, Mixture 
ICaHs : IO 2 at 1 Atm Initial Pressure (From Harris and Egerton) 


Gases 
consumed, 
mols X 10* 

Reaction products, mols X 10* per 10"> mol consumed CaHs 

Tempera- 
ture, °C 

CaHs 

Oa 

Oa 

consumed 

COa 

CO 

CaHa 

Ha 

CH4 

HCHO 

RCHO 

CHaOH 

HaO 

8.1 

13.3 

16.4 

1.0 

5.3 

2.7 

0.6 

5.7 

0.7 

1.0 

0.8 

17.9 

320 

14.2 

24.0 

16.9 

1.55 

8.4 

1.76 

0.3 

5.3 

1.4 

1.1 

2.4 

17.4 

325 

22.4 

39.8 

17.8 

1.34 

9.4 

1.83 

0.3 

1.1 

0.9 

1.2 

2.0 

17.4 

340 

25.0 

47.4 

18.9 

2.1 

11.3 

1.1 

0.3 

2.7 

1.6 

0.8 

3.2 

16.8 

322 

26. 7» 

50.2 

19.5 

2.3 

9.7 

0.7 

0.3 

2.6 

1.2 

0.6 

2.7 

18.2 

307 


* Traces of acetaldehyde contribute to the shortening of the induction period. 
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Special analyses showed that the degree of conversion and the rise 
in pressure are not proportional to one another, probably as the result 
of the disintegration of the reaction products. This is not surprising 
in itself, but it probably is not taken into account and must also be 
considered in evaluating other experiments. 

The addition of individual reaction products to the initial mixture 
in the ratio 1 : 1 at 300° to 340°C resulted in the following: Formaldehyde 
lengthened the induction period,^ and acetaldehyde shortened the 
induction period considerably and increased the methanol yield. Propy- 
lene reduced the induction period; methanol was without influence. 

The amount of propylene formed in the reaction products is quite 
independent of the original propane : oxygen ratio as well as of the initial 
addition of propylene. The fact that the relative quantity of propylene 
in an earlier stage of reaction is greater and not dependent on the propane 
concentration seems to suggest that its formation is connected with 
products that induce the reaction — perhaps beginning with aldehydes — 
and not with the direct reaction of the propane. 

Pease^ has recently investigated the “negative temperature coeffi- 
cient^' in propane oxidation, which he first observed. He had found 
that the reaction velocity of propane oxidation at 270°, below the limit 
for cold flames, in an uncoated pyrex container was independent of 
the oxygen concentration and proportional to about the first to the second 
power of the propane concentration. Newitt found that, above the 
limit for cold flames but below the true ignition point, the equimolecular 
mixture is the most capable of reaction (at 360 mm Hg and 408°C), i.e., the 
reaction velocity is about proportional to the product of O 2 and the 
propane concentration. Pease repeated Newitt's experiments in a some- 
what modified form in a pyrex container cleaned with HNO 3 and H 2 O 
at 400°. He finds the velocity dependent on both O 2 and the propane 
concentration, proportional probably to a higher power than the first. 
This suggests two different reaction mechanisms above and below the 
‘ * cold-flame ' ' range . 

A series of further experiments were made at 10° intervals between 
300° and 430° in which, according to Newitt’s results, the cold-flame 
range was crossed about between 290° and 320°. Since Newitt used a 
container with a diameter of 5.5 cm, however, and Pease used one with a 
diameter of 2.0 cm, Newitt might have been just outside the cold-flame 

1 Considering our repeated statement that the ^^all-or-nothing” reaction of pro- 
pane oxidation (as well as the analogous cold-flame processes in higher paraffins, 
naphthalenes, etc.) is to be understood as an explosion that is stopped short at the 
stage of the aldehyde and its disintegration products, the inhibiting effect of formal- 
dehyde here proved is perhaps not without interest. 

* Pease, R.N., J. Am. Chem. Soc.y 60 , 2244 (1938). Cf. in this connection Newitt, 
D.M., and his associates, J. Chem. Soc.y 1937, pp. 1656, 1665, 1669. 
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range. In the pressure recordings, no indications of cold flames were 
found. Extrapolated curves yield an activation energy of ~ 29 kcal 
for the lower range and about 38 kcal for the upper. 

6. The Slow Oxidation of Further Hydrocarbon Compounds. Cold 
Flames.^ a. The Works of Prettre, — Prettre^ was the first to study in 
detail the luminous phenomena and ignition ranges connected with the 
slow oxidation of paraffins, olefins, naphthalenes, alcohols, aldehydes, and 
ethers. As we shall see, these phenomena (which we have already 
encountered, pages 388, 428) might be caused by the same chemical 
reactions that are responsible for the knocking process in engines. 
After the presence of cold flames in the engine itself was successfully 
demonstrated, the connection might be regarded as proved.® 

The appearance of luminescence as well as of ^^cold flames’^ in fuel 
vapor-air mixtures was first discovered by Perkin^ in hj^drocarbons, 
ethers, fatty acids (also, carbon disulphide) at temperatures of about 
200° to 250°C upward. In this oxidation, connected with light emission, 
no rapid rise in temperature as in normal combustion appears, even 
though, as we shall see later (page 445), a cei‘tain rise in temperature 
(of the order of magnitude 100°C) is connected with the appearance of 
the cold flame, and even though the cold flame under certain conditions 
can pass over into a regular ignition. 

Luminescence phenomena in oxidation can, according to Prettre, 
be obtained with almost all fuels (except H 2 ). To be sure, methane, 
carbon monoxide, and benzol hydrocarbons display this phenomenon 
only in a narrow temperature interval (of the order of magnitude of 
several 10°C) under the regular ignition temperature as well as during 
the induction period preceding ignition. 

In order to observe the luminescence, Prettre conducted the dried 
fuel vapor-air mixture with a known flow velocity (between about 0.3 
and 6 liters/hr) through a reaction chamber of pyrex glass or quartz 
(depending on the experimental temperature) with 5.4 cm inner diameter 


1 Cf. in this connection the addresses at the anniversary of the Bach-Engler Autox- 
idation Theory, Acta Physicochim. URSS (3/4), 9, (1938), which cannot be treated 
here. 

* Prettre, M., Ann. Office nat. des combust, liquides, 6, 7, 269, 533 (1931); 7, 699 
(1932) ; 11, 669 (1936) ; Bull. soc. chim.^ (4), 61, 1132 (1932). Cf. further Prettre, M., 
“The Science of Petroleum,” Vol. IV, pp. 295Q/r., Oxford, 1938. 

* Peletier, L.A., S.G. van Hoogstraten, J. Smittenberg, and P.L. Kooyman, 
Chaleur et ind.^ January, 1939. 

* Perkin, W.H., J. Chem. Soc.^ 41, 363 (1882). Similar observations are made by 
G.S. Turpin, Brit. Assoc. Advancement Set. Rept.j 76, 776 (1890). Dixon, H.B., 
J. Chem. Soc., 76, 600 (1899) ; Rec. trav. chim., 46, 305 (1925). Smithells, Brit. Assoc, 
Advancement Sci. Rept., 1907, p. 469. Gill, F., E.W. Mardels, and H.C. Tbtt, 
Trans. Faraday Soc., 24, 574 (1928). 
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and 10 cm length, with entrance and exit pipes IH wide, which 
was heated in an electric oven with a lateral window. 

If a pentane-air mixture with an excess of air is conducted through 
the reaction chamber by heating the latter slowly, a feeble light-blue 
luminescence becomes visible in the darkened room at about 240®, 
the intensity of which rapidly rises up to 300® to 330° and then remains 
constant. From about 525® to 550° on, the luminescence can no longer 
be distinguished, owing to the glow of the walls. Ignition appears only 
at 660° to 670°, with a blue flame similar to that of carbon monoxide.^ 
Here the flame is extinguished and ignites about every 3^^ sec. Probably 
we are here dealing essentially with the combustion of CO (and possibly 
H 2 ), since the pre-reaction has led to these products. 

The temperature at which luminescence appears here lies in the 
neighborhood of those at which Lewis^ and Mondain-MonvaP had, 
by heating pentane-air mixtures in closed chambers (the former at 
atmospheric pressure, the latter at about 5 atm), obtained ignition insofar 
as the mixture contained an excess of pentane, namely, between 220° 
and 255°. With an excess of air, they obtained only a sharp bend in 
the temperature-pressure curve, a sign that reaction had set in. 

With excess of fuel, incipient luminescence was observed at about 
220°, the intensity of which increases considerably at 240°, until at 
^260°, a rather bright ^^cold^^ flame appears which disappears at the 
end of the reaction chamber at which the burned gases leave and which 
wanders slowly toward the gas stream, thus traversing the chamber in 
about 1 sec (z.c., with a velocity of 10 cm/wsee). These flames follow one 
another at definite time intervals, but with rising temperature they 

Table 89. — ^Luminescence and Cold Flames in Pentane-air Mixtures (From 

Prettre) 


% pentane 
in air 

Flow 

velocity 

1 /per hr 

Bi 

02 


t2 

o 

Q 

2.6 

5.40 

225 

237 

263 

285 

672 

4.05 

6.50 

221 

240 

262 

292 

681 

6.15 

5.80 

225 

235 

261 

286 

710 

11.8 

6.20 

230 

246 

260 

277 

No ignition 


Bi ■■ temperature at the beginning of luminescence. 

Bt ■■ temperature at which a great increase in intensity appears. 

U — beginning of the cold flames. 
ti ■“ end of the cold flames. 

T * ignition temperature. 

> Cf. pp. 417-426. 

» Lewis, J.St., J. Chem. Soc., 1927, p. 1555; 1929, p. 759; 1930, p. 58. 

• Dttmanois, P., and Mond.mn’-Monvai., P., Ann. Office nat. des combust, liquides, 
3 , 892 (1929) ; Comrt. rend.. 187, 892 (1928). 
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become slower and more diffuse until they disappear completely at about 
290®. On the other hand, a luminescence remains with zones of maximum 
brightness, which wander slowly against the gas stream as in the experi- 
ments with lean mixtures. At 350®, only a luminescent oxidation, 
uniform over the entire tube, takes place. At 670® to 710®, ignition, as 
well as pulsating combustion, sets in at the gas entrance. This is clearly 
caused by the fact that flow velocity and normal combustion velocity are 
not attuned in such a manner that a static flame could maintain itself. 
Table 89 gives a survey of the phenomena in pentane. 

That the cold flames always appear at the exit of the reaction chamber 
points to the fact that the gas mixture must fii^st be prepared by a pre- 
reaction, ^.e., that a definite induction period is necessary up to the 
appearance of the cold flame (c/. pages 450^.).^ 

Cold flames can also be recognized in a static apparatus, although 
with greater difficulty, induction periods of about 20 to 92 sec resulting. 

In the higher hydrocarbons, the phenomena are analogous, but 
they appear at lower* temperatures the longer the C-atom chain of normal 
paraffins is (cf. Table 90). 


Table 90. — Temperatures at the Appearance of Luminescence (From PrettrbO 


Pro- 

pane, 

n- Pen- 
tane, 

71-Hex- 

ane, 

"C 

n-Hcp- 

tane. 

7l-Oc- 

tane. 

Pen- 

teiie, 

Cyclo- 

hexane, 

Cyclo- 

hex(;ne, 

Benzol, 

Toluol, 

225-270 

225-242 

220-230 

210-230 

200-215 

200-270 

235-200 

255-200 

670 

600 


1 From the coiapilatioii in Science , 4 , 2953. 


The table shows that, in the series of the n-paraffins, the temperature 
of the beginning of luminescence steadily dr ops with an increasing number 
of C-atoms but that this temperature rises in the transition to the cor- 
responding olefin (pentane-pentene), just as it does in the transition 
from paraffin to naphthane (hexane-cyclohexane), that also in the 
cyclical compounds of unsaturated character the ability for reaction is 
again decreased (cyclohexane-cyclohexene), and that finally the aromatics 
are attacked a great deal more vigorously than all the other compounds. 

We shall meet again and again the phenomenon that the unsaturated 
react with greater difficulty than the corresponding saturated (in contrast 
to the very first members of the series), and it obviously must be due to 
the fact that the double bond has a chain-breaking effect in the oxidation 
reaction, cf. page 388. 

1 In exceptional cases, e.ff., in ethyl ether, and lately also in paraffins, it is possible 
to obtain “cold flames” beginning at one point in a cold mixture, too, by means of 
suitable ignition; cf. p. 480. 
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Table 91 gives a survey of the behavior of the parafl&ns; the designa- 
tions in it are the same as those above. The succession in which lumines- 
cence and the cold flames appear here with decreasing temperature is 
exactly the same as that of the decreasing knock resistance in the engine. 


Table 91. — ^Luminescence, Cold Flames and Ignition of Paraffins in Mixture 
WITH Air (From Prettre) 


Material 

% in air 

Bi 

O 2 


^2 

Tempera- 
ture, ®C 

CH 4 

5.3 

740 







770 


18.5 

690 

— 

— 

— 

730 

CoHe 

4.2 

380 

410 

— 

— 

660 


8.9 

350 

370 

— 

— 

675 

CbHs 

3.5 

270 

310 

— 

— 

665 


6.3 

265 

305 

— 

— 

672 


14.3 

255 

290 

304 

310 

No ignition 

C.Hi, 

2.1 

242 

260 

— 

— 

670 


4.05 

221 

240 

262 

292 

681 


16.55 

225 

244 

259 

270 

No ignition 

C.Hu 

2.05 

230 

255 

— 

— 

684 


5.20 

220 

244 

255 

270 

672 

C,Hi, 

1.55 

230 

245 

— 

— 

686 


5.25 

210 

232 

259 

269 

695 


0.95 

215 

230 

— 

— 

670 


2.10 

200 

220 

252 

270 

684 


^ At 252°, violent combustion. 


The material of further observations, with which we shall become 
acquainted later, haidly leaves a doubt that the reactions observed here 
and those leading to knocking in the engine are identical.^ This is 
specifically proved by the fact that it is possible to prove the existeniie of 
cold flames in engines, too.“ 

Ethylene shows an oxidation with luminescence only from 420° on 
and is therefore here, like the higher olefins, more stable in oxidation 
than paraffin; but in the engine it is less knock-resistant than ethane. 
Undoubtedly, wall infhumces, which are not present in the engine, play 
a role in the slow oxidation and in the cold flames, and an immediate 
correlation is therefore not always possible. 

Methanol shows luminescence over a greater temperature interval 
in contrast to methane, beginning at about 395° to 410°. Ignition sets 
in, under Prettre's experimental conditions (in a flowing system), at 540° 
to 560°C. 

^Naturally, this does not mean that they are identical in all details; the wall 
might, for example, have a greater importance than in the engine. 

* Peletier, L.A., S.G. van IToogstraten, J. Smittbnberg, and P.L. Kooyman, 
Chaleur et ind., January, 1939. 
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Ethanol acts analogously; luminescence begins at 330® to 370® 
ignition at about 550® to 570®. At all temperatures, ethanol shows more 
intensive luminescence than ethane. 

Propanol corresponds to ethanol; luminescence sets in at about 
25° to 30° lower. 

Amyl alcohol and iso-amyl alcohol act about the same; luminescence 
sets in at 300°, ignition at 510°. In mixtun^s very rich in alcohol, 
luminescence begins at 295° and increases rapidly. At 303° to 307° a 
very brilliant flame runs through the mixture, followed each time by a 
second less bright flame. The oxidation of the alcohols is similar to that 
of amylene, but under 300° it is much weaker than that of pentane and 
isopentane. 

n-Heptyl alcohol shows luminescence from 200°; bright flames pass 
through fuel-rich mixtures between 275° to 277° and 280° to 290°. Above 
this, heptyl alcohol experiences only a slow oxidation, accompanied by a 
luminescence that is about as intense as that of heptan(\ The con- 
densate of liquid n^action products of the high(^r alcohols contains, in 
addition to aldehydes, alcohols of low molecular weiglit. 

Substituting OH for an H-atom in a hydrocarbon has the following 
effect, according to Prettre: 

1. Increase of the oxidizability above 300°, especially in the first 
members of the series; 

2. I)e(u-ease of the inclination to oxidation under 300°. 

Of the aldehydes, acetaJdehyde and hutyr aldehyde W('re investigated. 
According to Prettre, in all hydrocarbons that show tlie phenomenon 
of th() cold flam(^s, acetaldehyde represents tlie (diief reaction product 
between 200° and 300°. 

Ac.etaldehyde-air mixtures, with 5 to 45 per cent akhdiyde, show 
luminescence from 200° to 210°. At 240°, this becomes very intensive, 
and flaming appears for all mixtures between 256° to 203° and 285° 
to 290°. The lively combustion of the mixtures wdth small surplus 
of aldehyde assumes an explosive form that is never observed in hydro- 
carbon-air mixtures. Above 285° to 290°, no flames appear any longer; 
normal ignition takes place at about 350° (c/. above, page 388). 

Butyraldehyde acts entirely analogously; the phenomena also appear 
at about the same temperatures, except that regular ignition takes place 
at 400°. 

Acetaldehyde in small concentration accelerates the oxidation of 
parafiin hydrocarbons in the range of luminescence. 

The luminescence of ethyl ether has been known the longest (Perkin, 
cited page 437). It sets in at 170° to 180°; at 210°, it is visible even in 
an undarkened room; and, at 220° to 230°, depending on the concentra- 
tion, cold flames set in, which in their intensity and velocity resemble 
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those in n-octane. With a further rise in temperature, these pass over 
continuously into the usual combustion toward 240® to 250®. The two 
ignition ranges present in hydrocarbons thus pass over into one another 
continuously. Acetaldehyde is produced in great quantities as well in 
slow oxidation as in lively combustion of ether-rich mixtures. 

If the ethyl ether contains peroxide, a very violent explosion con- 
nected with the destruction of the apparatus sets in at the temperature 
at which luminescence would otherwise have begun, ^ 170°C. Before 
the explosion, no kind of luminescence is to be seen.^ 

Di-n-butyl ether is much more stable in oxidation than ethyl ether, 
which is very remarkable when we consider the action of the paraffins 
with increasing chain length, but which is supported by data on the 
knocking action of ethers. (Di-isopropyl ether, which can be technically 
obtained in great quantities as an initial product from cracked gases, is 
highly knock-resistant and is used in the manufacture of knock-resistant 
aviation gas.)^ Nevertheless butyl ether acts like ethyl ether at low 
temperatures; however, normal ignition, depending on the experimental 
conditions, sets in only at 290® to 350®. In slow oxidation, aldehydes are 
likewise obtained in great quantities, among them chiefly butyraldehyde. 

Acids seem to act like the alcohols, being perhaps somewhat more 
stable in oxidation than the latter. 

The addition of peroxides (monoethyl hydroperoxide was investigated) 
has an accelerating effect on the oxidation of hydrocarbons (Prettre 
investigated n-butane) ; 0,6 per cent of this peroxide corresponded in its 
effectiveness to about 3 to 4 per cent of acetaldehyde. Peroxides of the 
same type (dimethyl peroxide, oxyethylmetliyl hydroperoxide) have 
been proved to be present in the luminescent hexane oxidation in the 
neighborhood of 300®G by Mondain-Monval and Quanquin.^ 

Prettre'^ also investigated the influence of antiknock bodies, especially 


According to lliechc, alkylide peroxides of the form 


R O 


arc probably 


responsible for the violent explosion \Z. angew. Chc7n., 44 , 896 (1931)]. 

2 Cf. Chap. XII, p. 559. 

Cf. Eoloff, J. Inal. Petroleum Tech., 23 , 645 (1937). Egloff, W.II. Hubner, 
and P.M. van Arsdell, Chem. Rev., 22 , 175 (1938). 

’ Mondain-Monval, P., and B. Quanquin, Conipt. rend., 189 , 917, 1194 (1929); 
191 , 299 (1930); Bull. soc. chim. ind. Midhouse, 96 , 265 (1930); Ann. Office nat. des 
combust, liquides, 5 , 307 (1930); Ann. chim., (10), 16 , 309 (1931). Cf. also White, 
A.G., and T.W. Price, J. Chem. Soc., 116 , 1462 (1919). 

Cf. in this connection the careful investigations by Egerton, Chap, XIII, pp. 
540Jf. 

* Prettre, M., Ann. Office nat. des combust, liquides, 6, 533 (1931). 
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of lead tetraethyl^ on luminescence and the ignition of hydrocarbons. 
The investigations on the Pb(eth )4 effect on hydrocarbon oxidation 
made before Prettre seemed contradictory. According to the experi- 
ments of Dumanois, Aubert, and Pignot* as well as Lovell, Coleman 
and Boyd® on the velocity of lively combustion as well as of Bone,^ 
Lewis® and Dumanois® and Mondain-Monval on slow combustion, there 
seemed to be an inhibition by antiknock compounds. On the other 
hand, Pb(eth )4 has no effect on the origin and velocity of the detonation 
wave, acc;ordiiig to Egerton and Gates^ as well as Dumanois and Laffitte.* 
However, Pb(eth )4 retards the combustion of 3 per cent pentane in air, 
according to Egerton and Gates. 

The varied influence of antiknocks on ignition temperatures can, 
according to Prettre, be easily understood. All ignition temperatures 
that are so determined that their cold-flame range plays a role are greatly 
influenced by antiknocks, whereas those which are based on ordinary 
ignition at high temperatures are much less sensitive. In this manner, 
the apparent contradictions can be resolved. 

Lead tetraethyl [in the form of ethyl fluid: 55 per cent Pb(eth) 4 , 36 
per cent ethyl bromide and 9 per cent monochlorine naphthalene] 
represses luminescence phenomena and cold flames in paraffins to a 
(considerable extent, ljuminesconce appears only at higher temperatures 
than it does in pure fuels, and the cold flames do not appear at all (Table 
92). 

Benzol additions too (when added to pentane) act like lead tetraethyl 
but only in much higher ccmcentrations, just as benzol is much less 
effective as an antiknock^’ than is lead (c/. Chap. XII, page 567). 

In connection with Prettre^s investigations, cf. the observations of 
Townend and collaborators at higher pressures (pages 476 ff.). 

^Lead tetraethyl as the most effective ‘‘antiknock^' was discovered by Midgley 
in 1922 [Midgley, T., SAE J., 1, 7, 218, 374, 451 (1922); 4, 589, 849 (1922)]. Cf. in 
addition Wilson, R.E., Ind. Eng. Chem., 29, 239 (1937). Midgi.ey, T., Ind. Eng. 
Chem., 29, 241 (1937). 

2 PiGNOT, A., Compl. rend., 182, 376 (1926). Aubert, M., A. Pignot, and J. Kil- 
LEY, Compt. rend., 186, 1111 (1927). Aubert, M., P. Dumanois, and A. Pignot, 
Compt. rend., 186, 1298 (1928). 

^Lovell, W.G., J.D. Coleman, and T.A. Boyd, Ind. Eng. Chem., 19, 373 (1927). 

^ Bone, W.A., and Drugman, J. Chem. Soc., 89, 660, 939 (1906). Bone, Drucj- 
man, and Andrews, J. Chem. Soc., 89, 1614 (1906). 

6 Lewis, J.St., J. Chem. Soc., 132, 759 (1929); 136, 58 (1930); 136, 1555 (1927). 

® Dumanois, P., and P. Mondain-Monval, Compt. rend., 187, 892 (1928); Ann, 
Office not. des combust, liquides, 3, 892 (1929). 

^ Egerton, A.C., and S.F. Gates, J. Inst. Petroleum Tech., 13, 244, 256, 273, 281 
(1927); Proc. Roy. Soc. London, A, 114, 137, 152 (1927); 116, 516 (1927). 

® Dumanois, P., and P. Laffitte, Compt. rend., 186, 146 (1928). 
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Table 92. — Influence or Lead Tetraethyl on the Oxidation Behavior op 
Hydrocarbons (From Prettre) 


Hydrocarbon 

Ethyl fluid 
% in hydro- 
carbon 

% hydro- 
carbon 
in air 

Gi 

02 

h 

t2 

Tempera- 
ture, °C 

CeHu 

0.4 

2.35 

310 

345 

No flame 

670 


0.4 

3.85 

340 

364 

No flame 

710 


0.4 

6.75 

310 

350 

No flame 

No ignition 


0.4 

11.55 

287 

330 

No flame 

No ignition 

C,Hu 

0.4 

4.05 

280 

290 

No flame 

748 


0.4 

8.65 

291 

310 

No flame 

No ignition 


0.6 

4.15 

335 

370 

No flame 

751 

C 7 H 1 , 

0.4 * 

3.70 

265 

270 

No flame 

741 


0.6 

4.10 

300 

320 

No flame 

No ignition 


0.8 

3.95 

360 

405 

No flame 

No ignition 


6. More Accurate Investigations of Cold Flames in Pentane . — In addi- 
tion to the works by Prettre on the problem of the mechanism of cold 
flames, the studies of Neumann and Aivazov^ on pentane, which we 
shall now discuss, are especially informative. 

Pentane-oxygen mixtures in oxidation show the phenomenon of the 
negative temperature coefficient (c/. page 428) to a decided extent (cf. 
Fig. 209, which at the same time shows how much the reaction velocity 
increases with the pressure). 

In the more exact investigations, a cylindrical quartz chamber 25 cm 
in length was used which could be observed through a window in an 
electric oven. The gases were premixed and then introduced into the 
evacuated reaction chamber. The pressure in the reaction chamber was 
measured by means of a glass-membrane manometer whose sensitivity 
was 0.03 mm Ilg. A typical pressure variation with the appearance of 
cold flames is reproducicd in Fig. 204. Section AB represents the last 
part of the warming of the mixture to the reaction temperature. After 
that, the pressure remains constant for a time and then rises, at first 
slowdy, then very rapidly, CD. The interval CD represents the appear- 
ance of cold flames. After that, the pressure at first drops rapidly, DE^ 
and then rises slowly and steadily. The experiment refers to a mixture of 
CsH 12 + 4 O 2 at 300 mm Hg and 318°C. The induction period r is com- 
puted as the time from the entrance of the mixture to the sudden rise in 
pressure C. 

1 Neumann, M.B., and B.V. Aivazov, Nature^ 13B, 655 (1935); Acta Physicochim. 
URSSy 4, 575 (1936); Z. physik. Chein.^ Sec. B, 33, 349 (1936). Andreev, E.A., 
Acta Physicochim. URSS, 6, 57 (1937). Aivazov, B.V., and M.B. Neumann, Acta 
Physicochim. URSS. 6, 279 (1937). Cf. also Egerton, A., and Pidgeon, J. Chem. 
Soc., 1932, pp. 661, 676. 
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The appearance of the cold flames was observed in a special oven 
with a window over the entire length. The cold flame always appears 
at the hottest place of the reaction chamber, no matter whether this 
happens to be at either end or in the middle. It moves with a velocity 
of about 10 cm/sec. ^ The flame has the form of a cone with the apex 
in the direction of propagation and a width of about 3 cm; it therefore 
occupies about 10 per cent of the reaction chamber. 
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Fig. 204.- 


-Pressure recording at the ai)pearancc of cold fiainos in pentan(‘-oxygen mixtures. 
Compare the text. (From Neumann and Aivazov, 437.) 



Fig. 205. — Appearance of cold flames in various pentane-oxygen mixtures. The first 
steep pressure rise corresponds to the ajjpearance of the cold flame. {From Neumann avid 
Aivazov, p. 437.) 

More exact experiments showed that the appearance of the cold 
flames corresponds to point C, and the disappearance to point E. The 
drop in pressure from D to E therefore probably corresponds to the 
cooling of the gases behind the flame front. With this assumption and 
the observation that the cold flame comprises about 10 per cent of the 
entire gas volume, it is possible to compute from the observed decrease 
in pressure DE^ in a particular case of 12 mm, that the temperature in 
the cold flame had risen about 200° to 250° above that of the chamber 
walls. Aivazov and Neumann mention unpublished experiments by 
Skalov, according to which direct measurements of cold flames in ether 
are said to have yielded the same rise in temperature. 

1 Approximately the same velocity is observed also in other cases (cf. pp. 438 and 
482). 
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In this case, as in others too, reproducible results are obtained only 
if a series of experiments is carried out in the same reaction chamber 
one after the other. Figures 205 and 206 show several typical experi- 
ments in the cold-flame range with varied initial pressure as well as varied 
composition of the mixture. Raising the pressure shortens the induction 
period, increases the pressure rise in the cold flame, and accelerates the 
reaction after the cold flame. Overenriching the mixture has an analo- 
gous effect. Gas analyses showed that practically no conversion can be 
demonstrated during the induction period. CO is produced up to about 
10 per cent of volume during the cold flame. In the period after the 
passage of the cold flame, the CO amount rises uniformly to about 30 
to 35 per cent, whereas only a little CO 2 1 per cent) is formed. Toward 



Fig. 206. — Appearance of cold flames in CftHis + 402 at various pressures. {From Nev- 

mnnn and Aivazov, p. 437.) 

the end of the induction period, aldehydes can be demonstrated by means 
of Schiff^s reagent; their concentration increases (considerably during 
cold flames. Peroxides (proved by means of KI and H 2 SO 4 ) were present 
only in traces at the end of the induction period but were very clearly 
present after the i)assage of the cold flame. 

The reaction products of 20 experiments were collected in a trap 
with 5 cm^ of water and analyzed. For experiments with C 5 H 12 + 2 O 2 
at 300 mm initial pressure and 318®C, the results reproduced in Fig. 207 
were obtained. The aldehydes found seem to be chiefly lower aldehydes. 
The analyses show quite clearly that the drop in pressure after the passage 
of the cold flames should be attributed not to a chemical reaction taking 
place with a decrease in mol-number but rather actually to a decrease 
in temperature. 

For the appearance of cold flames, there is, under predetermined 
conditions, a certain minimum pressure. Thus it is shown also in this 
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case that the cold flames bear all the external marks of true explosion 
but do not need to develop to complete combustion. The critical 
pressure limits depend to a large extent on the material of the wall. 



Fig. 207. — Concentration of the reaction products during the oxidation of pentane 
(ordinate values = per cent) and change in pressure (mm Ilg). (From Aivazov and 
Neumann, p. 437.) 

The pressure necessary for the appearance of cold flames was considerably 
reduced if the glass container was replaced by one of quartz^ of the same 
size (Table 93). 

Table 93. — Range of the Cold Flames for CgHn -f 402 in Chambers with a 
Diamkter of 20 Mm, Minimum Pressui^ks 

fC 304 320 330 340 370 400 430 450 

p, mm Hg quartz 300 175 140 115 85 100 130 140 

p, mm Ilg glass — 300 212 170 110 100 130 175 

If Pb(eth )4 was introduced into the reaction chamber at 0.2 mm of 
pressure and the chamber thereupon carefully evacuated, the walls were 
changed to such an extent that the limits were displaced to 40° higher 
temperatures. In the neighborhood of the limits, it is often possible to 
observe several stages in the rise in pressure instead of a single rise. 
This might be due to the fact that the cold flame appears at one place but 
is then extinguished because the rest of the mixture has not yet reacted 
far enough until, after a certain interval (1 to 5 sec), the cold flame has 
formed anew in the remaining mixture. A similar phenomenon was 
observed by Munro^ in the reaction of propane with oxygen. * 

^ Wall reactions of the peroxides? 

* Munro, J. Am. Chem. Soc.j 67, 1053 (1935). 

* Cf. also Hsieh, M.S., and D.T.A. Townend, J. Chem. Soc.j 1939, pp. 332, 337, 
841. 




448 EXPLOSION AND COMBUSTION PROCESSES IN GASES 


The dependence of the critical pressure limits on the diameter of the 
container is shown in Fig. 208 . The position of the limits is only little 
dependent on the composition of the mixture. The mixtures C6H12 + 



Fia. 208 . — Critical pressure limits for pentane-oxygen mixtures for various temperatures 
and chamber diameters from Neumann and Aivazov. 


4O2, CbHi 2 + 2O2, and CbHi 2 + O2 yielded practically the same limits 
in a quartz container. 


Semenoffi has derived from PJgerton and Pidgeon’s* experiments for the variation 
in time of pentane oxidation (with + 40*2 between 260® and 280®C) below the 

limit of cold flames (w reaction velocity) 


with 


w ~ Ae** 

== const p 3 c- 35 . 6 oo/r 


Whether real importance attaches to this high value of the heat of activation of 
71 kcal seems doubtful (rf. pages 449-450). 

Aivazov and Neumann conducted experiments above the range of cold flames with 
CbHi 2 + 8 O 2 and CbHia + 402 at about 500°C. The course of the velocity was of the 
auto-catalytic type, as with P^gerton and Pidgeon and many other examples. For 
4> in the formula 

Ap — 

we obtain 

^ ^ . p3.4^-16,800/7’ 


The value of 32.6 kcal for the activation energy perhaps appears more plausible. 
With a rise in pressure and temperature, the degenerate explosion passes over into 
a real explosion. The latter took place, for example, at 200 mm pressure and 568®C 
after an induction period of 7 sec. 


Aivazov and Neumann regard the difference between the activation 
energy derived by them for higher temperatures and that derived from 
Semenoff and Egerton’s experiments as an argument for the fact that a 


' Semenoff, Chemical Kinetics and Chain Reactions,^’ Oxford, 1935. 
* Egerton and Pidgeon, J. Chem, Soc.^ 1932, pp. 661, 676. 
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different reaction mechanism is present at higher and at lower tempera- 
tures. The apparent activation energies thus determined appear to 



Fia. 209. — Reaction of pentane witli oxygen in dependence on the temperature, reciprocal 
half-life period as measure. {From Neumann and Aivazov, p. 437.) 


US to be too uncertain to warrant any extended conclusions. Neverthe- 
less, so many facts suggest that the reaction mechanism is a different 


one at high temperatures than at low that 
the conclusion of Aivazov and Neumann 
might nevertheless be valid. ^ 

The temperature dependence of the 
reaction velocity expressed by the recipro- 
cal half-life span is presented in Fig. 209 for 
C5H 12 “h 8O2 at various pressures. Be- 
tween 360° and 480°, there is a negative 
temperature coefficient ; caution is necessary 
in judging the reaction velocity in this 
range, since we arc perhaps always dealing 
with nonstatic reactions (c/. also n-heptane, 
Beatty and Edgar, cited page 454). 

Simple formal relations arc valid for the induc- 
tion periods up to the appearance of the cold 
flames, at least under the conditions of the experi- 
ments of Aivazov and Neumann. ^ For the de- 
pendence on temperature, the following is valid: 

T = const 

Here y is still dependent on the pressure, however. 
For CsHu 4- 4 O 2 , for example, with p = 200 mm 





Fig. 210. — Induction periods 
for cold flames in pentane, s. 
For CftHi'i 4 - 40 2 . {From Neu- 
mann and Aivazov, p. 437.) 


Ilg, y == 64,000, whereas with 150 it is only 56,000. This and the absolute 
height — from this an activation energy of over 100 kcal would result — show that 


^ However, it must be kept in mind that at higher temperatures the reaction of the 
intermediary products, especially CO, can be determining. 

* Aivazov, B., and M. Neumann, Z. physik. Chem., Sec. B, 33 , 349 (1936). 
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it can only be a matter of the apparent activation '^nergy of a composite process. 
Numerical values for the induction periods are obtained from Fig. 21Q. . r is, as also 
in other cases, approximately inversely proportional to a power of the pressure, in a 
manner that makes 

t(p ~ po)“ = const 

v.'ith n about =* 2. po is the limit pressure for the appearance of cold flames. For 
fl50°C and CsH^ -f 4 O 2 , there is valid, if the pressure is measured in mm Hg, 

rip - 95)2 ^ 22,500 

Likewise in agreement with other findings, it is found that an increase in the pentane 
concentration greatly shortens the induction period (Table 94). 

Table 94. — Induction Period r for C 6 H 12 4- XO 2 at 200 Mm IIg and 337°C (From 

Neumann and Aivazov) 


X 1 2 4 8 9 12 16 

0.125 0.25 0.5 1 1.125 1.5 2.0 

T, sec 4.1 5.4 6.6 10.2 11.8 18.4 — 


'a — excess oxygen factor * x/S (a pentane requires SOi for complete combustion). 


The minimum for r lies about at a « 0 1, a range in which a normal flame is no 
longer able to propagate. 

In dependence on the diameter of the container, the following induction periods 
were determined (Table 95). 

Table 95. — Induction Period for Cold Flames in C6H12 + 4O2 with Varying 
Chamber Diameter at 300 Mm Hg and 390°C 


1 

2 

4 

2.2 

1.2 

1.01 


‘ In this experiment, the cold flame passed over into regular explosion. 

Prettre^ finds for the induction period up to ignition in pentane-oxygen mixtures 

rpKwpLtai ~ const 

where pkw is the partial pressure of the hydrocarbon and pioui is the total pressure. 
The apparent activation heat determining for temperature dependence is found to be 
very high (80 to 100 kcal). 

That reaction chains at the wall are broken off is also shown by the 
influence of nitrogen additions. Aivazov and Neumann have made 
experiments to this effect on butane, but the results are certainly valid 
qualitatively also for pentane. Figures 211 and 212 show the induction 
periods for C4H12 + O2 with various nitrogen additions in dependence 
on the one hand on the partial pressure (C4H10 + O2) and on the other 

^ Prettre, M., Ann. Ojjwe not. des combust, liquides^ 11, 669 (1936); very inclusive 
experimental material is found here. 
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Fio. 211. — Induction periods of butane-oxygen mixtures for various pressures and nitrogen 
additions. {From Neumann and Aivazav, p. 4;i7.) 


hand on the induction period for a mixture C 4 H 10 + O 2 at 380 mm Hg 


in dependence on the temperature 
N 2 additions. Formally the 
following is valid : 

T(a + ?>[N 2 ])^ = const 

By various additions, the in- 
duction period is reduced; acetal- 
dehyde also belongs here, but it is 
relatively weak in its effect. One 
per cent acetaldehyde for a mix- 
ture of C 6 TI 12 + 2 O 2 reduces the 
induction period by about 40 per 
cent; 5 per cent aldehyde (i.c., 
about 1 5 per cent for hydrocarbon) 
decreases it from 14 to about 4 
sec. 

Much more effective is NO 2 , 
which, for example, in a mixture 
of C 6 IT 12 “b 2 O 2 at 318°C and 210 
mm Hg in a glass container hav- 
ing a diameter of 3 cm, reduces 
the induction period from 75 to 





Fia. 212. — Induction periods for the 
appearance of cold flames, n, left scale, as 
well as for regular ignition. t 2 , right scale. 
{From Andreev.^) 


22 sec, if it is added in a concentration of only 0.004 per cent. 


1 Andreev, E.A., Acta Physicochim, URSS^ 6, 57 (1937). 
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Aivazov and Neumann emphasize that there is no static but rather 
an auto-accelerated reaction even outside the range of the cold flames. 
On the basis of Semenoff’s theory (page 444), they give a derivation 
of the formal relations obtained, but its significance is difficult to estimate. 

It is reasonable to suppose, on the basis of the curves (e.g., in Fig. 209) 
as well as the individual observations of true explosions, that, with small 
additional rises in pressure or an increase in the hydrocarbon concentra- 
tion in the range of the velocity maximum, the ^‘cold flame will pass 
over into true explosion. It will especially be expected that, at high 
pressures as they are employed in explosion engines, ignition tempera- 
tures will be obtained in the same neighborhood as for cold flames or 
even below. This is actually the case, as has been shown in the experi- 
ments of Tizard and Py^,^ which yielded ignition temperatures down 
to about 280°C' for n-heptane. 

An answer to this problem as well as to the transition from cold 
flames to regular ignition is given in a further work by Neumann and 
Aivazov.- Andreev^ has shown in the case of butane how a cold flame 
can pass over into normal explosion, and that as a result the explosion 
is a two-staged process. He used mixtures of C 4 H 10 + O 2 , the explosion 
proceeding without destroying the apparatus. A quartz reaction 
chamber was used, likewise in connection with a recording glass-mem- 
brane manometer. Above a certain limit (e.g.y at 360 mm Hg and 321°C), 
a normal ignition takes place. In this case, after introducing the gas 
into the reaction chamber, there is a first certain induction period, ri, 
until the appearance of the cold flame with a corresponding rise in pres- 
sure, then- a further induction period, t 2 , until a new sudden rise in pres- 
sure indicates regular ignition. The most striking fact in this connection 
is that this second induction period increases with rising temperature.^ 
In Fig. 212 from Andreev, the induction periods ti (up to the appearance 
of the cold flame) and t 2 (from the appearance of the cold flame up to 
regular ignition) are plotted for p = 380 mm. ti decreases considerably 
with the increasing temperature, while t 2 rises from about 3 10 sec at 
285° to over 2 sec at 440°C. At low temperatures (below 320°), n is 
preponderantly determining for the entire induction period up to ignition; 
it rises from several seconds to 275 sec at 275°. Between 336° and 
352°, the curve for t 2 is interrupted. In this case, only cold flames and 
no regular ignitions appear. 

Various conjectures regarding the lengthening of t 2 with increasing 
temperature are possible. It is not improbable — and Andreev assumes 

^ Tizard, H.T., and Pye, Phil. Mag., 44, 79 (1922). 

* Aivazov, B.V., and M.B. Neumann, Acta Physicochim. URSS^ 6, 278 (1937). 

* Andreev, I].A., Acta Physicochim. URSS, 6, 57 (1937). 

^Lesa reactionable reaction products appear (?), 
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this also— that with rising temperature the nature of the reaction products 
formed in the cold flames changes (that in place of aldehydes, especially 
formaldehyde, their essentially more stable disintegration products, 
especially H 2 and CO, appear). It is further to be considered that the 
reactions preparing ignition begin during the induction period of the cold 
flames, for which purpose more time would naturally be available at low 
temperatures and long ri. 

Neumann and Aivazov (cited page 452) have investigated these condi- 
tions more exactly for pentane ; c/. also Neumann and Tutakin. ^ We shall 
report in detail an experiment that ended with a violent explosion. 
Mixtures: C 6 H 12 + 4 O 2 at 340 mm Hg and 318®C. 


t, sec = 

0 

8 

8.2 

8.4 

8.6 

8.8 

9.0 

9.2 

9.21 

Ap, mm = 

0 

0 

2 

35 

48 

52 

54 

57 

Explosion 


The induction period ti for the cold flame in this case was 8.2 sec; the 
induction period from there on up to regular explosion, 72 , was a further 
1.01 sec. The cold flame had progressed in the 30 cm long quartz 
chamber with a velocity of 7 to 10 cm/sec. The normal flame took its 
inception beyond the front of the cold flame, at the same place where 
the latter had begun. The velocity of the hot flame is of the order of 
magnitude of 500 to 1000 m/sec.* 

In order that the cold flame can pass over into a hot one, a certain 
higher (;ritical pressure at a given temperature is required. In Table 96, 
the critical pressure limits for cold and hot flames for a quartz container 
20 mm in diameter are given. 


Table 96. — Ciutical Pressure Limits for Cold Flames (jo*) and for Kegular 

lixpLOsioN (p,) OF C6H12 + 4O2 


Temperature, °C 

304 

305 

310 

320 

340 

360 

400 

440 

p*, mm Hg 

300 

250 

220 ! 

175 

115 

85 

100 

130 

Pe, mm Hg 

— 

— 

360 

335 

325 

337 

— 

— 


Neumann and Tutakin have found that additions of nitrogen shorten 
the induction period of cold flames. For a mixture of CI 4 H 10 + O 2 + nN 2 
(with PC 4 H 10+02 = 213 mm Hg) at 321®C, the following resulted: 


n = 

0 

0.3 

0,5 

1 

■B 

2 

4 

T, sec = 

32 

22 

18.5 

14.3 

n 

9.4 

4.5 


^ Neumann, M., and P. Tutakin, Compt. rend. acad. set. URSSj 4 , 122 (1936). 

* This might mean that it is not a matter of so high a flame velocity, but rather 
the explosion takes place almost simultaneously in the entire container. C/. the 
observations for oxygen-hydrogen by P. Tauzin, Ann. phys.j (11), 6, 575 (1926); 
cf. p. 306. 
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Ammonia additions also had an analogous effect. There can thus be no 
doubt that we are dealing with a chain reaction with breaking at the wall. 
The same is also true for the succeeding reaction of the two-stage process. 
Also the second induction period that passes between the cold flame 
and regular ignition is shortened by the addition of nitrogen. Even 
though at these low pressures the processes leading to ignition are to be 
understood as a pure chain explosion, it is naturally not excluded that, 
at the higher pressures that are employed in engine combustion, heat 
production also essentially aids the reaction. According to more recent 
experiments,^ inert gas additions at 470 mm pressure lengthen the 
induction period for the transition of the cold flame to regular ignition, 
which proves that, at higher pressures, a thermal process is determining 
in this case, whereas the appearance of the cold flames is conditioned by 
chain-branching. Since ammonia additions yield the same inert gas 
influence as nitrogen in the case of cold flames, Neumann and Tutakin^ 
conclude that aldehyde is not decisive for the appearance of cold flames. 

For the transition of the cold flame into a true explosion, cf. particu- 
larly Prettre.^ 

c. The Oxidation of Higher Hydrocarbons. — Edgar'^ and his collabo- 
rators studied, by means of a flow apparatus, the oxidation of n-octane, 
heptaldehyde, and butyraldehyde with air in stoichiometric mixture; 
later, they also studied that of isomeric octane. An analysis of the 
reaction products showed in an experiment at 260° that, among the con- 
densable substances per mol of permeated octane, there were 0.55 
unoxidized octane, 0.33 aldehyde, 0.25 acid, 0.07 peroxide, and 0.36 
water. With increasing temperature, the peroxides and acids dis- 
appeared. Of the gaseous products, of course, CO and CO 2 were pre- 
dominantly present. 

Because of the reaction lieat, the temperature in the pyrex reaction 
tube about 25 mm in diameter and 900 mm in length showed a sharp 
rise behind the gas intake. The main conversion took place in the first 
section of the reaction space; in the consumption of oxygen, there was 
no essential difference whether the gas tests were taken at 20 per cent 
of the oven length behind the intake or at the farthest end of the oven. 
The flow velocity was chosen in all experiments so as to yield a reaction 
duration of about 50 sec at 200° and 25 sec at 650°. Up to about 200°, 

1 Aivazov, B., M. Neumann, and I. Chanova, Acta Physicochim. URSS, 9, 767 
(1938). 

• Neumann, M.B., and P.M. Tutakin, Acta Physicochim. URSS, 9, 861 (1938). 

• Pbettre, M., Ann. Office nat. des combust, liquides, 11, 669 (1936). 

• Pope, J.C., F.J. Dykstra, and G. Edgar, J. Am. Chem. Soc.j 61, 1875, 2203. 
2213 (1929). Beatty, H.A., and G. Edgar, J. Am. Chem. Soc., 66, 102, 107, 112 
(1934). 
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no oxygen consumption could be proved, but between 200® and 270® the 
latter rose until about 2 mols of O 2 per mol of octane were consumed. 

At 270®, pulsations appeared in the gas flow that coincided with 
the appearance of the cold flames described in the previous section. 
These succeeded each other at first in stages of 10 to 15 sec, then more 
frequently but becoming weaker until at 300® to 325° no pulsations were 
to be observed any longer. In this range, the thermo-element can show 
up to 100® more at the gas intake than at the exit. The consumption 
of oxygen increases rapidly up to 350® and after that more slowly — from 
350® to 650°, about 1 mol per mol of octane. Up to 650®, 6 mols per mol 
of octane are consumed in all. Above 650°, ignition sets in. Only few 



Fig, 213, — Oxidation of isomeric octane with air in stoichiometric mixture. {From Edgar 

and associates, p. 447.) 

gaseous reaction products appear between 200° and 270°, principally 
CO 2 , probably as the result of a wall reaction. Above this point, a 
stronger increase in CO formation appears until at 650° about 3.5 mols 
of CO are produced per mol of octane. 

In these special experiments (c/. Fig. 213), no negative temperature 
coefficient was observed but instead only a very small positive tempera- 
ture coefficient. Since, by means of a minor variation in the experimental 
conditions lengthening the reaction duration), the temperature 

coefficient for the total conversion can change from a negative to a small 
positive value (c/. page 466), this fact is to be accorded no importance. 
An abnormally small positive temperature coefficient has the same 
cause as a negative temperature coefficient. 

Heptaldehyde begins to combine with O 2 at 150°C; there is a sharp 
rise of O 2 consumption with the temperature, although it is a little less 
than with octane. At 300®, this rise is almost zero; then follows another 
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slight rise. From the very beginning, CO and CO 2 appear together; 
at 235®C, about 0.5 mols (per mol of aldehyde) of each are present. 
Then the pulsations and luminescence appear, the CO content increases 
to about 2 mols at 275° (pure aldehyde does not yet produce CO by its 
auto-disintegration at these temperatures); and the CO 2 content rises 
only slowly and steadily also above 235°. 

Butyraldehyde acts analogously; however, a considerable rise in 
velocity and pulsations is noticeable at only 325°. 

Edgar and his collaborators assume two gross reactions: 

(1) R CH 2 CH 3 + O 2 -> R CH 2 CHO + H 2 O 

(2a) R-CH 2 -CHO + O 2 — » R-CHO + H 2 O + CO (main reaction) 

(26) RCH 2 CHO + ^^02 -> RCHO + H 2 O + CO 2 (side reaction) 

The empirical consumption fits these assumptions; in particular octane, 
on account of reaction (1), consumes 1 mol of O 2 more than the aldehyde 
(per mol of fuel). 

The empirical O 2 consumption therefore suggests the assumption 
that aldehyde appears as the first stable intermediary product, which is 
then built up to the aldehyde, which is poorer by one C-atom. This 
includes the assumption that the carbon atom chain is oxidized from 
the end, which is in agreement with all the other experiences in the 
oxidation of gaseous hydrocarbons.^ Alcohols probably do not come 
into consideration here as intermediary products of normal oxidation. 
According to Layng and Youker,^ n-heptylalcohol is relatively difficult 
to oxidate.^ 

The oxidation behavior of isomeric octanes is shown by Fig. 213. 

1 On the other hand, it is noteworthy that, in the oxidation of paraffins in the liquid 
stage to fatty-acid synthesis [c/, G. Wietzel, Z. angew. Chem., 61 , 531 (1938)], the 
reaction products are extensively straight-chained, even though the paraffin used was 
branched. This can most easily be explained by assuming that the attack of the 
oxygen on the tertiary C-atom took place with splitting off of the side chains. That 
something similar does not take place in the gas phase must be concluded from the 
fact that branched paraffins are more stable in oxidation and more knock-resistant 
than straight-chained paraffins are. The difference in the action of liquid and gaseous 
substances need not perhaps be very surprising; sometimes ion reactions play a role 
in the liquid phase which in the gas phase could enter the picture at the most only 
at the wall. 

» Layng, T.E., and M.A. Youker, Ind. Eng, Chem., 20 , 1048 (1928). 

8 Not many exact measurements have been published on the oxidation behavior 
of the alcohols. According to the data at present available, also in respect to knock 
behavior (c/. the next chapter), the following seems to hold for alcohols (and is, by 
the way, valid also for olefins) : The lowest alcohols and olefins are less stable in oxida- 
tion than the corresponding paraffins, but the decrease in oxidation stability with 
an increasing number of C-atoms n is less marked for alcohols and olefins than for 
paraffins. For that reason, a crossing takes place, about in the range n =* 4, and the 
higher alcohols and olefins are more stable in oxidation (at least in the gas phase) 
and more knock-resistant than the corresponding paraffins. 
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In n-octane, the O 2 consumption had been quite exactly equal to (1 + 1 
mols of CO formed mols of CO 2 formed) per mol of octane. Iso- 
meric octanes (except 2,2,4-trimethyl pentane) show a similar behavior, 
and an analogous course of reaction by way of aldehydes might therefore 
also be assumed. The primary attack would have to take place on the 
methyl group with the longest lateral chain, because the O 2 consumption 
during the first sharp rise in velocity approximately corresponds to the 
disintegration of this chain. 

Cold flames are observed only in 3-methyl heptane and 3-ethyl 
hexane. Since conversion is much smaller in 2-methyl-3-ethyl pentane 
and 2.5-dimethyl hexane, it might be a matter merely of a quantitative 
difference, for the temperature variations of the oxidation are otherwise 
still analogous (Fig. 213). Only 
2,2,4-trimethyl pentane varies com- 
pletely, since oxidation begins only 
at ^ 500° ; but it begins very rapidly. 

In those cases in which no cold flame 
is observed, only one atom of C 
appeared in the gaseous oxidation 
products. 

Taking n-heptane as an example, 

Beatty and Edgar (cited page 454) 
have made a detailed study of the 
phenomena to be observed in oxida- 
tion. They used a pyrex chamber 
2.41 cm in diameter and 65 cm in 
length. The gases, in stoichiometric 
composition, flowed through the 
chamber with a time of stay of ^ 40 
sec at 200° and of 23 sec at 550°C. 

The temperature could be measured 
at various intervals from the intake 
of the gas, and the exhaust gases could also be drawn off at various 
intervals. It was shown that, from ^ 265° upward, a considerable rise 
in temperature appeared behind the gas intake, by up to ^75° above 
the average oven temperature (Fig. 214). 

The analysis values of gases taken at 5, 25, and 65 cm intervals from 
the gas intake, which are shown in Fig. 215, are in reference to the 
maximum temperature in the oven. Only at the 5 and 25 cm interval 
did a range of negative temperature coefficients appear. 

The oxidation of heptane took place at ^ 150°, and even at 175° 
fogs were to be noted in the exhaust gases. ^ At the lower temperatures, 
1 The appearance of such fogs, sometimes accompanied by the formation of acids 



Abstand vom EinJad cm 

(Abstand vom Einlusz = distance from intake) 
Fig. 214. — Temperature variation in 
the reaction chamber in the oxidation of 
flowing heptane-air mixtures. {From 
Edgar and associates, p. 447.) 
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it might have been a case of a heterogeneous reaction at which, to be 
sure, only a small percentage of the heptane is oxidized, but it is quite 
completely oxidized (Table 97). 



(Sauerstoffvcrbraiich jc Mol oitigeaetzton BrennstoflF = oxygen consumed per mol of fuel used) 
Fia. 215. — Oxygen eonsuniption in the oxidation of heptane in a flow system. Oxygen 
consumption: x, 5 cm, o, 25 cm, •, 65 cm from the gas intake. Also plotted per cent of fuel 
used which is oxidized; figures in triangles, 65 cm and figures in circles, 5 cm from the gas 
intake. {From Edgar and Associates , p. 447.) 


The comparison of heptane, 1-heptane, and 3-heptanc (Beatty and 
Edgar, cited page 454) yields the following for oxidation, which might 
at first seem unexpected in view of the experiences of the organic chemist 


Table 97. — Heptane Oxidation (From Beatty and Edgar) 


Place of tak- 
ing sample, era 
from gas 
intake 

1 

Average tem- 
perature, 

°C 

Heptane, grams 

% of the hep- 
tane used 
which was 
oxidized 

Mol of O 2 con- 
sumed per mol 
of oxidized 
heptane 

Amount 
put in 

Recovered 

65 

217 

3.282 

3.189 

2.8 

9.0 

65 

270 

3.413 

1.008 

70.5 

3.0 

65 

340 

3.432 

0.652 

81.0 

3.7 

65 

390 

4.0 

Trace 

99 + 

4.7 

65 

470 

7.0 

'-O.OS 

99 + 

4.7 

5 

283 

5.246 

3.957 

24.6 

4.0 

5 

343 

3.378 

0.728 

78.4 

3.31 

5 

380 

3.764 

0.440 

88.3 

3.96 

5 

490 

5.890 

2.231 

62.1 

2.94 


but is again and again found to be supported by observations in oxidation 
and in the knocking of hydrocarbons, namely, paraffin is more easily 

and peroxides, is often reported. Concerning the reaction products that might be 
shown to be present in them, it must be considered that, in the liquid phase, drops or 
reactions are possible that do not come into consideration in the gas phase. 
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oxidized than are olefins. In the pyrex reaction chamber previously 
described, reaction set in at 244®C for n-heptane, whereas it began 
only at for 1-heptane and 3-heptane, progressing much more 

rapidly in 1-heptane than in 3-heptane (Fig. 216). Beatty and Edgar 
conclude (a conclusion earlier arrived at by Pope, Dykstra, and Edgar 
for 1-octane) that the oxidation of the olefins does not begin at the 
double bond. In all three cases, a range of negative temperature coeffi- 
cients is noted. In general, no fundamental difference exists between 
the oxidation of paraffin and that of the olefins even though quantitative 
differences appear. Both the investigation of the static temperature 
distribution along the oven and the taking of samples at various distances 
from the gas intake showed that heptane reacts closer to the gas intake 
than 1-heptane and that 1-heptane reacts closer than 3-heptane. 
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(Saucrstoffverbrauch jc Mol eingcsctzlen Breunstoff = oxygen consumption per mol of fuel used) 

Fia. 210. — Oxidation of — n-hoptane; 1-heptane; and 3-heptano in a flow 

S 3 'stem, {From Beatty arui Edgar, p. 454.) 


A more careful investigation also showed a smaller oxidation for 
iso-octane from 250°C on; this is probably the result of a wall reaction. 

Mixtures of heptane-iso-octane (1:1 and 1:3) showed a course of 
reaction analogous to pure heptane, except that the temperatures of the 
beginning of the reaction were moved upward by 10® to 20° in com- 
parison with the latter. The oxygen consumption is smaller with these 
mixtures than with pure heptane (if the latter is present in a concentra- 
tion equal to the sum of the hydrocarbons) but essentially higher than 
would correspond to the oxidation of the heptane alone contained in the 
mixture, a proof that the oxidation of iso-octane is induced by the 
heptane oxidation. 

An analysis of the mixture 1:1 showed that at 375® only 12 per cent 
of the fuel had remained unoxidized; i.e., in a temperature range in which 
iso-octane alone would hardly react, the greater part of the iso-octane 
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Table 98. — Oxidized Portion op the Components in an ti-Heptane-iso-octanb 
Mixture 1:3 (From Beatty and Edgar) 


Oven temperature, °C 

383 

383 

303 

462 

Limits of the reaction zone, cm 
from the gas intake 

0-5 

5-65 

0-65 

0-65 

Mol % oxidized 

f heptane 

73.2 

13.0 

86.2 

95.9 

of the 

iso-octane .... 

53 7 

16.0 

69.7 

84.3 

[total used .... 

59.0 (88.3)1 

15.2 (11) 

74.2 (99+) 

87.5 (99+) 

, , , iso-octane 
Mols r . c 

heptane 

Oxygen consump 
mol of oxidized 

)xidized 

1.95 

3.28 

2.15 

2.33 

ition, mols per 

1 hydrocarbon . 

3.41 (3.96) 

— 

3.39 (4.70) 

3.45 (4.70) 


* Values in parentheses for pure n-heptane, for comparison. 


had experienced a partial, induced oxidation. In this case, about 2.6 
mols of oxygen were consumed per mol of oxidized fuel. At 490°, 9 
per cent of the hydrocarbons still survived, and the oxygen consumption 
amounted to ^3.1 mol per mol of oxidized fuel. In addition to an 
induction of the iso-octane oxidation by n-heptane, the experimental 
results, especially in high iso-octane concentrations, also suggest an 
inhibition of the heptane oxidation by iso-octane, with which fact the 
discovered knock behavior of the mixtures would also agree (cf. Chap. 
XII). 

Mardles^ had already found that the oxidation of hexane, pentane, 
and pentene is inhibited by benzol, which then goes over into phenol at 
temperatures at which benzol alone would be stable toward oxygen. 

Taking heptane as an example, Beatty and Edgar (cited page 454) 
observed a series of peculiarities in luminescence also.^ A diffuse 
illumination appeared from ^ 250°C on and increased in intensity with 
the temperature until at ^270° a ring of blue- white “cold flame” 
formed at about 15 cm distance from the gas intake. From there, 
divided into two flame fronts, it slowly progressed in both directions in 
the tube and was finally extinguished. Then the same thing is repeated, 
at first at intervals of 10 to 12 sec, until at 300° the cold flames become 
continuous, forming a narrow zone of brighter illumination in the neigh- 
borhood of the gas intake. This place coincides with that of the maxi- 
mum temperature in the tube (cf. page 445). At still greater increases 
in the temperature, the luminous zone becomes more diffuse and finally 
fills the tube with a diffuse illumination, again completely parallel with 

^ Gill, Mardles, and Tett, Trans. Faraday Soc.^ 24, 574 (1928). Mardles, 
Trans. Faraday Soc., 27, 681 (1931). Brunner, Helv. Chim. Acta, 13, 197 (1930). 

* On the appearance of luminescence in auto-oxidation reactions, cf. also Milas, 
Chem. Rev., 10, 328 (1932). 
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the temperature distribution in the tube. Further, this transition 
corresponds to the range of negative temperature coefficients. At 
625°, ignition sets in, again about 16 cm from the gas intake. 

Surfaces of rough or smooth pyrex glass, copper, copper netting, and 
iron had no influence on the phenomena in the reaction zone. Also 
considerable variations in the ratio 02 :N 2 :fuel led to no fundamental 
changes in the phenomena. 

Experiments were also carried out in a vertical oven. The fuel was 
dropped in from above in a liquid form. Below 300°, the dropping 
was followed by a luminous trace; and, at higher temperatures, the 
illumination appeared simultaneously with the dropping. 

3-heptane showed all these phenomena more weakly. 

The ringlike structure of the cold flame (as opposed to luminescence 
and to the usual flames at higher temperature) suggests the influence 
of surface effects.^ 

Other observations on the oxidation behavior of higher hydrocarbons 
are completely compatible with the conclusions of Edgar and his asso- 
ciates. Dumanois and Mondain-MonvaP have investigated the oxida- 
tion of pentane-air mixtures at an initial pressure of 5.5 atm with 
progressive heating. They obtained explosion in this case at 230°. 
It is not surprising that, in the temperature range at which otherwise 
barely perceptible reaction and luminescence would set in, ignition 
occurs as the result of a rise in pressure. 

Callendar^ was the first to investigate the oxidation of a large number 
of hydrocarbons in a flow system. He determined the temperatures at 
the beginning of a perceptible conversion. As in Edgar's and Prettre^s 
investigations, the order in which they appear corresponds to their 
increasing knock resistance. Callendar also analyzed t>he reaction 
products. White fogs appeared in the terminal gases of the reaction 
at moderately high temperatures. Peroxidic substances were also 
shown to be present, and this led Callendar to his peroxidation theory 
and the theory of the liquid reaction centers (c/. page 569). Table 99 
shows the sequence of oxidizability found by Callendar with the high 
temperatures of the beginning combustion. The presence of peroxides 
in the reaction products, especially in the neighborhood of 300°, if white 
fogs simultaneously appear in the exhaust gases, has been demonstrated 

^ Cf.j e.g.j PRETTRE, M., Compt. rend., 207, 532 (1938). 

* Dumanois, P., and P. Mondain-Monval, Cornpt. rend., 187, 892 (1928); Ann. 
Office nat. des combust, liquides, 3, 761 (1928), Mondain-Monval, P., and B. Quan- 
QUiN, Compt. rend., 189, 917 (1929); 191, 299 (1930). Mondain-Monval and Wel- 
lard, Compt. rend., 196, 1226 (1933) ; 200, 232 (1935). Cf. also St. Lewis, J., J. Chem. 
Soc., 1927, p. 1555; 1929, p. 759; 1930, pp. 58, 2241. 

* Callendar, H.L., Engineering, 123, 147, 182, 210 (1927). 
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Table 99 


Material 

7i-Pen- 

tane, 

°C 

Iso- 

pen- 

tane, 

°C 

n- He- 
xane, 
°C 

n-Oc- 

tane, 

°C 

No- 

nane, 

°C 

De- 

cane, 

°C 

Unde- 

cane, 

°C 

Ben- 

zol, 

°C 

To- 

luol, 

°C 

Temperature of 
the beginning 
combustion .... 

295 

303 

265 

215 

210 

210 

205 

670 

550 


repeatedly/ also under conditions of engine operation. ^ According to 
Ivanov/ up to 6.5 grams of a raw peroxide was produced from 25.5 
grams of cyclohexane in the oxidation of cyclohexane in the gas phase 
between 316° and 370°. 

It is difficult to say what role the peroxides found to be present 
actually play in the reaction. Even though the coinciding of the range of 
lively reaction with the appearance of peroxides might not be accidental, 
it is nevertheless quite possible that the provable, stable peroxides are 
not themselves responsible for the reaction but rather that more unstable 
intermediary products are responsible. 

The Role of Peroxides in 11 ydrocarhon Oxidation, — The best way to clarify this 
problem might be to study the behavior of the peroxides in the gas phase. Besides 
a number of observations on the shortening of the induction period as well as the 
inducing of knocking in the engine by peroxide additions only, systematic studies of 
recent date are available on this subject. Of these, a work by Harris and Egerton^ 
must be discussed in greater detail. 

The thermal disintegration of diethyl peroxide, C 2 HB — O — 0 — C 2 H 6 , takes place, 
according to Harris and Egerton,^ between 130° and 190° monomolecularly and unin- 

^ Moureu, C., C. Dufuaisse, and R. Chaux, Chiin. et ind., 18, 3 (1927); Ann. 
Office nat. dcs combust, liquides^ 2, 238 (1927); Com'pt. rend., 184, 413 (1927). Bennet 
and E.W.J. Makdles, J. Chem. Soc., 127, 3155 (1927). Mardles, Trans. Faraday 
Soc., 27, 681 (1931). Berl, E., K. Heise, and K. Winnacker, Z. physik. Chem., 
Sec. A, 139, 453 (1928). Berl and Winnacker, Z. physik. Chem,., Sec. A, 146, 161 
(1929); 148, 36, 261 (1930). Rideal, E.K., and M. Brunner, J. Chem.. Soc., 1928, 
pp. 1162, 2824. Brunner, M., Helv. Chim. Acta, 10, 707 (1927); 11, 881 (1928); 13, 
197 (1930). 

* Dumanois, P., P. Mondain-Monval, and B. Quanquin, Compt. rend., 192, 
486 (1931); the especially careful investigations of Egerton in this field will be dis- 
cussed in C^hap. XII, pp. 539^. 

* Ivanov, K.I., J. Gen. USSR, 6, 470 (1936). Ellis, C., Chemistry of Petroleum 
Derivatives,” Vol. II, New York, 1937. 

* Harris, E.J., and A.C. Eoerton, Proc. Roy. Soc. London, A, 168, 1 (1938). Cf. 
also in this connection the address of A. Egerton at the meeting of the Deutsche 
Akademie der Luftfahrtforschung, May, 1939, to appear in the publications of the 
Deutsche Akademie der Luftfahrtforschung, 1939, as well as Neumann and Tutakin, 
Acta Physicochim. URSS, 9, 861 (1938), and Aivazov, Neumann, and Chanova; Acta 
Phyaicochim. URSS, 9, 767 (1938). 
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fluenced by the surface (packing with quartz and coating with NaCl were without 
influence) or by the presence of dilutions (He up to 65 per cent, H2 or CO2). Accord- 
ing to this, the reaction is therefore homogeneous and apparently not a chain reaction, 
even though NO lengthens the induction period that is present in any case. Down to 
2 mm of pressure, no decrease in the velocity constant was to be noted. For the 
velocity of the nonexplosive disintegration, the following is valid (fc in sec”^) : 


log k = 


6890 


+ 14.71 


with an apparent activation energy of 31.5 kcal. Above a critical pressure limit, 
explosion is obtained. In a quartz chamber, the following was valid for the critical 
explosion limit par in cm Hg: 


log - 10.91 

The position of the limit depends greatly upon the diameter of the chamber but is 
only little raised by the addition of H2 or He. For a different reaction chamber, 
not only the position of the limit was changed but also the apparent activation energy 
of 23.5 had changed from 23.5 to 15.1 kcal, a sign that a simple process is hardly 
responsible for the explosive disintegration. 

The following were obtained as gaseous reaction products of slovr disintegration 
at 143°C: 4.7 per cent CO2, 55.6 per cent CO, 19.4 per cent 0114, 19.4 per cent C2HB, 
only a trace of O2, and no unsaturated. 

If diethyl peroxide was led through a tube with CO2 at higher temperatures, 
reaction products as shown in Table 100 wore obtained. The third experiment took 
a variant course and corresponded to disintegration above the critical limit: 


Tabi.e 100 


Tempera- 
ture, "C 

Converted 

(C2H6)202 

IICITO 

CH3CHO 

CaH^OIi 

CO 

112 

CH4 

C2He 

187 

8.65 

1.9 

3.2 

7.5 

4.7 

Tra(re 

2.7 

2,3 

201 

17.4 

3.9 

6.9 

14.2 

9.8 

1.1 

5.9 

3.9 

245 

28.4 

16.8 

7.9 

10.4 

6.5 

0.4 

7.8 

L_^ 


For the disintegration mechanism, we refer to the original as well as to Barak. ^ 
A primary disintegration into radicals would seem quite piobable, although it would 
then be difficult to understand that no signs of chain reactions are observed, except 
perhaps in the position of the explosion limits. 

A bluish luminescence may be observed in the explosion, and at higher pressures a 
clicking is also audible. Induction periods longer than 1 sec wore ntwer observed. 
Air retarded the disintegration of diethyl peroxide. At higher temperatures, diethyl 
peroxide-air mixtures ignite at 10 cm Hg in the following manner: 


With % peroxide 

11 



At °C’^* 

200 





^ Barak, H., and D W G. Style, Nature, 136, 307 (1935). 
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If, instead of air, a propane-oxygen mixture 1 : 1 was used, likewise at 10 cm Hg, the 
ignition temperature of the peroxide rises: 


Pressure of the peroxide, cm Hg . . 

2.1 



0.5 

0.15 

0.05 

Ignition, °C 

190.0 



232.0 

290.0 

325.0 


At the lowest pressure, a bluish luminescence is visible but no further flame or 
combustion. Under these conditions, propane itself does not ignite; and, even at the 
higher temperatures, propane shows no signs of oxidation until several minutes after 
the ignition of the peroxide. The conclusions do not agree with those of Neumann 
and Tutakin,^ according to which butane-oxygen mixtures ignite and yield cold 
flames at the same limit pressure of the peroxide at which the latter explodes alone. 

It is remarkable that, in the same reaction chamber, the same apparent activation 
energies for the tempeiature dependence of the limit pressures of peroxide are found 
for the explosion of diethyl peroxide (a) alone, (5) in mixture with air, and (c) with 
oxygen-propane 1:1, namely. 


(a) 

ih) 

(c) 


log p = 
logp = 
log p - 


15,140 

RT 

16,300 

RT 

RT 


- 14.97 

- 17.3 


~ 15.4 


The observations of lOgerton that peroxides can explode without igniting the rest 
of the mixture p(;rmit an easy explanation of the frequently reported findings that 
several cold flames can follow one another in the same mixture. The induction periods 
of propane oxidation arc greatly shortened by diethyl peroxides in concentration of 
.several tenths per cent, e.g., from ^ 250 to < 10 sec. 

Further Investigations on the Oxidation of Hydrocarbons. — Estradere^ 
has investigated the oxidation of a series of hydrocarbons in mixture 
with oxygen, determining the gaseous reaction products in dependence 
on the temperature and making analyses of aldehydes, peroxides, and 
unsaturated reaction products. She used a flow apparatus with a rela- 
tively narrow, packed pyrex reaction tube because the reaction with 
oxygen w^ould otherwise have been too violent. The curves obtained 
therefore do not yield as much detail as those of Edgar and his asso- 
ciates, but the so(|uence of the temperatures of the beginning of lively 
reaction agrees wxll with that of Edgar, insofar as the data for comparison 
are available, and reproduces, by and large, the sequence of increasing 
knock resistance. 

The peroxide analyses showed, in general, a quantity of peroxides 
which at j|irst increased with a rise in temperature but then disappeared 

1 Neumann, M., and Tutakin, Compt. rend.^ 206, 278 (1937). 

* EsTRADijRE, Suzanne, Ann. Office nat. des combust, liquides, 8,484 (1933); Pub. 
8ci. tech, ministbre air France^ No. 49, Paris, 1934; Compt. rend.^ 202, 217 (1936); 204, 

46 (1937). 








THE COMBUSTION OF HYDROCARBONS 


465 


Tempbbatoebs op the Bboinnino op Lively Reaction (Fbom EsTRADisKB) 
For hydrocarbons in Stoichiometric Mixture with Oxygen 


n-Pentane 

360°C 

' 


n-Hexane 

318°C 

1-Hexene 

370°C 

n^Heptane 

300°C 

1-Ileptene 

320°C 



l-Heptine 

355°C 

71-Octane 

292°C 



Iso-octane' 

500°C 



n-Nonane 

276°C 



ri^Dodecanc 

260^^0 



ri-Tetradecane 

247°C 



Cyclohexane 

345°C 

Cyclohexene 

410°C 



Cyclohexadiene 

355°C 

Methyl cyclohexane 

340°C 




1 2,2,4-trimethyl pentane. 


again at very high temperatures. For other details, we must refer to 
the original. It is interesting to note that peroxides appeared as well 
with saturated as with unsaturated hydrocarbons, even with iso-octane, 
but that they are completely lacking in the case of benzol. This fits in 
the framework of all other observations on aromati(;s. 

Where experiments were made,^ it was shown that the reactionability 
was greatly increased by raising the hydrocarbon concentration, in 
other words, that the temperature of the beginning of lively reaction was 
correspondingly reduced, whereas conversely antikno(;k additions — lead 
tetraethyr-^ in small amounts and benzol in larger amounts — raise the 
temperature of beginning lively reaction. 

Experiments carried out in a static ai)paratus with a reaction chamber 
6 cm in diameter by Jost, v. Muffling, and Rohrmann'^ clearly showed 
in the case of n-heptane the influence of the (composition of the mixture 
on the reactionability (Fig. 217). The monc super-rich the mixture the 
clearer is the ‘^negative temperature coefflccient.” The entire course of 
the reaction shows that Ave are not dealing in this case with a reaction 
proceeding according to any kind of simple order but ratlier Avith a degen- 
erate explosion. The maxima observed in the neighborhood of 250° 
in super-rich mixtures correspond to explosion-like pressure increases 
that appear after a longer induction period, Avhereas the same mixtures 
react completely quietly at higher temperatures up to about 460°. 

' For example, St. Leavis, J., cited p. 461. 

® For example, Prettre, M., cited p. 437. E(jerton, A.C., and L.M. Pidgbon, 
J. Chem. Soc,y 1932, pp. 66, 676. Egerton and S.F. Gates, Proc. Roy. Soc. London, 
A, 114 , 149 (1927). Moureu, Dufraisse, and Ciiaux, cited p. 462. Callendar, 
cited p. 461. Lewis, cited p. 461. Dumanois, Mondain-Monval, and Quanquin, 
cited p. 462. Jost, W., and L. v. Muffling, and W. Rohrmann, Z. Elektrochcrn., 42 , 
488 (1936). 
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From these findings, it is likewise not surprising that regular ignition 
can take place at somewhat higher pressures below 250®C (page 461). 
In the case of the explosion-like pressure increase at low temperatures, 
CO and H 2 were shown to be present among the reaction products in 
great quantities; whereas, with quiet reaction, chiefly aldehydes and 
apparently H 2 CO were present instead (it must be concluded from the 
fact that the observed band spectrum corresponds to formaldehyde 
that formaldehyde appears in the range of cold flames). The relative 
oxidizability of n-heptane, n-hexane, ethanol, di-isobutylene, cyclo- 
hexane,^ iso-octane, and benzol, as well as of a mixture 1:1 of heptane 
and di-isobutylene, can be seen from Figs. 218 and 219 (cf. also Fig. 213 
from Pope, Dykstra, and Edgar). 



(Relativer Os-Verbrauch = relative O2 consumption) 

Fig. 217. — Conversion of heptano-air mixtures with 1-min reaction duration: 1, stoich- 
iometric mixture; 2-2 x stoichiometric; 3-3 x stoichiometric; 4-J stoichiometric; S-stoichio- 
metric iso-octane-air mixture. {From lost, v. Muffling, and Rohrmann, p. 465.) 

The following is of special interest in the oxidation of the n-heptane- 
di-isobutylene mixture (Fig. 218). As a comparison with the curves 
for pure heptane and pure di-isobutylene show, the heptane oxidation 
is greatly inhibited by di-isobutylene up to about 300°; a noticeable 
oxygen consumption sets in only about 50° higher than with pure heptane. 
On the other hand, the oxidation of di-isobutylene is also induced by 
heptane at higher temperatures, upward of about 350°, analogous to 
the experiments of Edgar and his associates on heptane-iso-octane 
mixtures; for, in this temperature range, the oxygen consumption is 
greater than would correspond to the participation of heptane. Both 
effects — inhibition of heptane oxidation below 300° and induction of the 
di-isobutylene oxidation above 350° — ^might result from the same process; 
for, if the inhibition by di-isobutylene is based on a chain-breaking 
reaction in which the di-isobutylene is itself oxidized, an oxidation of 
di-isobutylene must be coupled with the inhibition of the heptane 
oxidation. That sort of thing is known. Benzol, for example, which at 

1 For the oxidation of naphthalenes, c/. also P. Dupont, Bull. soc. chim. Belg.y 
43 , 537 (1937). Mardles, E.W.J., J. Chem. Soc.^ 1928, p. 872; Trans. Faraday Soc.., 
27 , 681 (1931). Also Berl and Winnacker, cited p. 462. Lewin, I., Bull. soc. chim. 
Belg., 42 , 141 (1933). 
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low temperatures suppresses the oxidation and luminescence of hydro- 
carbons like hexane, oxidizes itself in the process (Gill, Mardles, and 
Tett, cited page 460). The chain-breaking effect of olefins, which is 
also known for thermal disintegration^ and which we shall again and 
again be compelled to adduce in order to explain the phenomena observed 
in oxidation and knocking, is shown also in the fact that the oxidation 
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(Oa-Verbrauch = Oa consumptiou) 



(Athylalkohol *= ethyl-alcohol) 

Figs. 218 and 210. — Reaction of stoichiometric mixtures with air: reaction volume 130 cm®, 
flow velocity 10 L/hour. (From Jost, v. Muffling, and Rohrmann, p. 458.) 

of aldehydes^ like acetaldehyde and benzaldehyde is inhibited by octene. 
In this case too, the octene itself is oxidized. 

The oxidation of aromatic hydrocarbons has not been investigated 
so extensively as has that of the aliphates. It is clear from earlier remarks 
(page 438) that benzol hydrocarbons do not show the phenomena of the 
cold flames, are generally considerably more difficult to oxidize than all 
other groups of organic substances (benzol is also more difficult than 
iso-octane; c/. Fig. 218, from Jost, v. Muffling, and Rohrmann), 
1 Rice, F.O., and O.L. Polly, J. Chem. Phys., 6, 273 (1938). 

* PiGULEVSKii, V.V., J. Gen, Chem, USSRy 4 , 616 (1934), from C. Ellis, ‘*The 
Chemistry of Petroleum Derivatives,^' Vol. II, New York, 1937. 
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and in addition can inhibit the oxidation of other substances and sup- 
press luminescence (Prettre). The kinetics of benzol oxidation were 
investigated in greater detail by Hinshelwood and Fort^ as well as by 
Amiel.^ 

The kinetics of benzol oxidation show no essential differences from 
those of the other hydrocarbons. Hinshelwood and Fort observ^ed a 
completely analogous course, with induction period, e.g.^ in methane. 
The reaction is likewise of a higher order in respect to the hydrocarbon. 
The apparent heat of activation of benzol oxidation is higher than that 



/ Rcaktionsgeschwindigkeit — reaction velocity \ 

VUinsctzungsgrad = degree of conversion / 

Fig. 220 — Reaction velocity (compare text) in the oxidation of benzol in stoichiometric 
mixture with oxygen at atmospheric pressure. {From Amiel, p. 400.) 

of paraffinic hydrocarbons (with the exception of methane). From 
Hinshelwood’s experiments, we can compute 50 kcal; Amiel obtained 
^ 56 kcal. 

Amiel has made very careful measurements in a temperature range 
of 400° to 5()4°C^ For purposes of orientation, we present in Fig. 220 
(from Amiel) reaction velocities (percentage of carbon that is converted 
into CO and C ()2 per hour) as functions of the converted benzol for 
various temperatures. The reaction velocity quickly reaches a maxi- 
mum value, Wy which remains constant over a wide range, w is repre- 
sented by 

. 12,300 , 

log = ^ h 18.22 

‘ Hinshelwood, C.N., and Fort, Proc. Roy. Soc. London, A, 127 , 218 (1930). 
a Amiel, J., Compt. rend., 196 , 1122, 1899 (1933); 197 , 984 (1933); Ann. chim., 
(11), 7 , 70 (1937); extensive bibliography. 
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The oxidation of aromatic hydrocarbons — ^benzol, toluol, and ethyl 
benzol — at high pressures and relatively low temperatures has been 
investigated by Newitt and Burgoyne.^ 

In the oxidation of benzol under pressures up to 50 atm, up to 50 
per cent of the benzol consumed can be obtained as phenol. ^ In this 
respect, then, aromatic hydrocarbons completely follow the behavior 
of the aliphatic hydrocarbons. The phenol yield is higher, the higher 
the ratio benzol : oxygen ; and, even if flame formation sets in, a part of 
the phenol still survives. At these high pressures, the benzol oxidation 
had already set in with notable velocity from 280° on, and it appeared 
without a marked induction period. 

The order of magnitude of the reaction velocity can be obtained from 
Table 101, which refers to mixtures of 1.5 hydrocarbon:! oxygen at an 
undefined pressure. 

Table 101 


Material 

Temperature, 

■■ 

Duration 

Induction 

period 

of the 

Reaction 

period 

min 

Benzol 

293 

0 

3 

Toluol 

251 

(*> 

2 

Ethyl benzol 

239 

6 

2 


Packing of the reaction chamber with metal shavings inhibited the 
oxidation of benzol, to be sure, but not markedly that of toluol and ethyl 
benzol. Nitrogen additions always had a reaction-retarding effect. 
Benzol-air in the ratio 40:9.5 yielded, at 50 atm and 362°C, over 50 
per cent phenol in relation to the phenol burned, in addition to the 
following reaction products, expressed in the relative participation of 
the oxygen in the products: 


Phenol 10.6 

Quinone and hydroquinoiie Trace 

Maleic acid 2.8 

Formaldehyde 3.0 

CO 26.2 

CO 2 29.8 

H 2 O 27.6 

100 


1 Newitt, D.M., and J.H. Burgoyne, Proc. Roy. Soc. London^ A, 163, 448 (1936). 
* Amiel, c/. p. 468, proved phenol and quinone to be present in the reaction 
products at atmospheric pressure. 
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Maleic acid is always obtained as the most essential intermediary product 
in the destruction of the ring. 

In toluol, just as in ethyl benzol, the oxygen attack takes place 
preponderantly at the a-C-atom of the side chain. Benzyl alcohol, 
benzaldehyde, and under certain circumstances much benzoic acid are 
obtained as a product of the attack at the nucleus; in a subordinate degree, 
2,4-hydroxytoluol is also obtained. The share of the oxidation in the 
nucleus comprises between 8 and 28 per cent of the total oxidation. 
The following was obtained in a mixture of 1.5 toluol + O 2 at 18.8 atm: 



The products are expressed by the share of oxygen of the burned 
toluol. In the second experiment, flaming had taken place. 

Raising the ratio toluol :02 raises the share of benzyl alcohol and 
benzaldehyde. 

Ethyl benzol yields phenyl methyl carbinol, acetophenone, benzalde- 
hyde, benzoic acid, and, as a result of the attack at the nucleus, 
2,4-dihydroxyethyl benzol. Since it has been established in special experi- 
ments that acetophenone in oxidation yields considerable quantities of 
benzoic acid and benzaldehyde, these products could also in this case 
be formed by way of the acetophenone. 

That aromatic hydrocarbons with a side chain^ are attacked at the 
place of the a-C-atom is not unexpected from the point of view of the 
double-bond rule that the bonds following the a-C-atom correspond to 

C— C 

c/ ^C— C-f 

C=C a ' 


exactly the place where the disintegration of aliphatic unsaturated 
substances would prefer to set in. From this, it follows that it is neces- 
sary to adopt the following from Hein^ as the primary step in the thermal 
disintegration of toluol between 900° and 1100°C, according to the 


1 This was first demonstrated in the liquid phase, biit it is necessary for reasons 
mentioned before to be cautious about applying such results to the gas phase. 
Stephens, H.N., J. Am, Chem. Soc,, 48 , 1824 (1926); 66, 2523 (1928); /. Phys, Chem,, 
87 , 209 (1933). 

* Hein, F., and H.I. MesAe, Naturmssenschaften, 26, 710 (1938). 
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method of Rice 

CeHs-CHs CeHfi CHy- +H 

The benzyl radicals are proved by the reaction with Hg into (CeH^- 
CH 2 -Hg) 2 ; by itself, toluol disintegrates into dibenzyl and hydr€>gen, 

C. THE IGNITION OF HYDROCARBONS, ESPECIALLY AT HIGH PRESSURES 

In the preceding sections, we have seen again and again what an 
influence the container wall can have on the individual phases of hydro- 
carbon oxidation. There is really only one apparatus by means of 
which we can free ourselves of all these influences, with the exception 
of the cooling effect of the wall, namely, by investigating the ignition 
of a hydrocarbon-air mixture by adiabatic compression (for the method, 
c/. Chap. I, pages 19, 33). If we have a container with a diameter 
of the order of magnitude of several centimeters and in it a gas compressed 
to several times its normal pressure, we estimate according to the formula 
of the square of displacement (c/. Chap. VIIT, page 286) that times of 
the order of magnitude of 1 sec or above are necessary for the diffusion 
from the interior to the wall (or the reverse). On the other hand, it is 
shown (c/. page 474) that, according to this method, it is possible to 
obtain induction periods for auto-ignition between several 10”^* and 
several sec. In these periods, no considerable diffusion from the 
interior to the wall or the reverse can yet have taken place. To be sure, 
an exchange has already taken place by diffusion between the parts close 
to the edge and the wall. The same parts have already cooled consider- 
ably during the same period, however, and for this reason hardly con- 
tribute to the real reaction. Essentially, therefore, we are actually 
observing the results of a homogeneous gas reaction. The fact that, 
according to the nature of the method, the wall must always be essentially 
colder (several 100°C) than the gas mass is also of importance for the 
absence of a catalytic wall reaction under these conditions. This 
occasions another difficulty in the quantitative results of such experi- 
ments: During the induction period leading to auto-ignition, there is 
always a cooling in the reaction volume that cannot be disregarded. 
To be sure, the half-life period for cooling by conduction (with the exclu- 
sion of convection) is of about the same order of magnitude as that for 
the equalization of concentration by diffusion to the wall, i.c., ^ 1 sec 
(by the way, the experiments of Tizard and Pye, to be discussed below, 
bear this out directly), and the reaction time always remains noticeably 
below this period. Since a cooling of 10° has a considerable effect on the 
reaction velocity, however, the cooling effect can never be negligible. 
How the temperature, really determining for the reaction, is to be 
obtained, requires a very careful discussion (c/. also pages 534^.). 
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The measurements of Tizard and Pye^ were carried out in an engine- 
like experimental cylinder 75 mm in diameter with a compression stroke 
of 20 cm. The piston was stopped at the point of maximum compression. 
The cylinder itself could be heated, in the last apparatus of Tizard and 
Pye, up to a maximum of 180°C. The compression ratio could be fixed 
at € = 6 or 9. The ignition and the induction period necessary for it 
were obtained from the simultaneously recorded indicator curve. For 
details of the technically interesting apparatus, we must refer to the 
original.^ The maximum temperature obtainable in the compression 
can be computed from the compression ratio (in this manner, Dixon 
computed the ignition temperatures determined by adiabatic compres- 
sion). In reality, the temperatures always lie below this point because of 
the cooling effect of the walls. In Tizard and Pye’s experiments, for 
example, the compression normally lasted 0.14 sec (compression could 
also be somewhat more rapid, but the apparatus was then occasionally 
damaged on account of the great accelerations). In this compression 
duration, the maximum pressure was found to be between 5 and 10 per 
cent lower than was computed for adiabatic compression. Correspond- 
ingly, the average gas temperature therefore also lies below the computed 
maximum. 

It is very difficult to determine accurately what the temperature 
in the volume element was in which ignition just took place. Tizard 
and Pye have established ignition under various cooling conditions 
without and with a fan rotating in the mixture and have attempted 
arithmetically to eliminate the cooling effect. Here, too, we must refer 
to the original. 

The recorded pressure (as a measure of the average temperature) 
can drop as well as rise during the induction period, but probably the 
temperature during the induction period preceding ignition will at least 
not drop in those places where ignition sets in and which are distant from 
the wall and therefore least subject to cooling. 

Whether ignition takes place or not is without influence on the 
recorded drop in pressure during the induction period, a sign that only 
an extraordinarily small conversion takes place during the greater part 
of the induction period. In a series of 12 experiments with octane, for 
example, ignition took place eight times, but the drop in pressure during 
the first }'{o sec was in all cases the same. 

Of interest are also the experiments with ether, in which the locking 
mechanism of the apparatus failed and two successive compressions took 

^Tizard, H.T., Proc. NE Coast Inst. Engng., 31, 381 (1921). Tizard and D.R. 
Pye, Phil. Mag.^ 44, 79 (1922). Tizard. Trans. Faraday Soc.y 22, 352 (1926). Tiz- 
ard and Pye, Phil. Mag., (7), 1, 1094 (1926). 

* For this and for the remaining part of this section, see also D.M. Newitt and 
D.T.A. Townend, ^‘The Science of Petroleum,'* Vol. IV, pp. 2950J7. 
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place (Fig. 221). Of two analogous experiments, ignition appeared in 
the first with the second compression, but not in the second, although 
the maximum temperature in the second compression of the first experi- 
ment was lower than the maximum temperature in the first compression 
of the second experiment. Tizard and Pye assume that locally higher 
temperatures were nevertheless present. Perhaps the assumption is 
more reasonable that an activation by the pre-reaction in the first com- 
pression had taken place. 

Figure 222 and Table 102 give a survey of the results. In Fig. 222, 
the induction periods of the auto-ignition are plotted for various tem- 
peratures, for ethyl ether, n-heptane, and carbon disulphide; the direct 



measurement values are recorded, i.e,j the average temperatures com- 
puted from the maximum compression pressure. Tlie true temperatures 
in the interior of the gas might therefoi-e have been somewhat higher 
(cf. page 474), the logarithms of the induction periods being plotted 
against the reciprocal absolute temperature. For ether and n-heptane, 
we can (disregarding the point representing the shortest induction period, 
assuming that this point is the most uncertain), in this figure, draw a 
straight line approximately through the measuring points, which leads 
to an apparent activation heat of about 30 to 35 kcal. The points for 
carbon disulphide are also added, since they show that the lowest meas- 
urable ignition temperature is lower than for n-heptane but that, never- 
theless, ignition at higher temperatures takes place more slowly than in 
the latter because of the smaller temperature coefficient. From this, 
it is clear that the inclination to spontaneous ignition (which plays 
a role in the following chapter with respect to the knocking process) is not 
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unequivocally given for various materials by the lowest measurable 
ignition temperature; it is rather necessary to add at least an entity 
characterizing the temperature dependence. 

An approximately exponential dependence of the ignition delays on 
the temperature (as represented by the logarithmic straight lines in Fig. 
222) is to be expected for thermal explosions (cf. Chap. I, page 18) 
and (insofar as no special complications arise, cf. pages 490 ff.) also 

sek 



(Ather = ether) 

Fig. 222. — Induction periods in the ignition of various mixtures with air by adiabatic 
compression. Plotted are the logarithms of the ignition delays against the reciprocal 
absolute temperature. {From Tizard and Pye, p. 464.) 


for chain explosions (cf. Chap. VIII, page 281). Taking exact account 
of cooling and the finite compression duration would naturally modify 
the activation heat obtained. 

The lowest observable ignition temperatures afford a good point of 
departure for a comparison of similar hydrocarbons. In Table 102, 
we present values for these from Tizard and Pye (according to the 
compilation of Newitt and Townend, cited page 472). It shows average 
gas temperatures computed from the recorded maximum compression 
pressure. These temperatures will therefore again be somewhat lower 
than the temperature of the hottest gas portions (the difference will be 
smaller than 50°C; for temperatures higher by about this amount are 
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computed for adiabatic compressions without cooling from the compres- 
sion ratio). 

Experiments with various initial temperatures also east for benzol, 
in other words, varied pressure with about the same terminal tempera- 


Tablb 102. — ^Lowest Ignition Temperatures in Adiabatic Compression of 
HyDROC ARB ON-AIR MIXTURES (FrOM TiZARD AND Pye) 


Material 

Mixture, parts 
by weight of 
fuel to 15 air 

Temperature 
before com- 
pression, °C 

Ignition 

temperature, 

°C 

w-Pentane 

1.0 

60 

336 

w-Hexane 

1.0 

60 

306 

Cyclohexane 

1.0 

60 

324 

( 

0.8 

59 

291 


1.0 

59 

292 

n-Heptanc < 

0.4 

13 

292 

i 

1.0 

40 

284 

n-Octanc 

j 1.0 

60 

275 

Benzol 

1.0 

40 

373 


tures. From this, it can be seen — of course, not very exactly — that a 
rise in pressure of 23 per cent makes about as much difference in the 
acceleration of the conversion as a rise in temperature of 7®, i.e., the 
ignition delay, as could be expected, is most sensitive to a change in 
temperature. 

In the main, the table shows the following: In the paraffin series, the 
lowest ignition temperature decreases with increasing chain length, cor- 
responding to decreasing knock resistance (cf. Chap. XII, pages 555 ff.). 
Cyclohexane ignites more slowly than hexane; benzol ignites considerably 
more slowly, which likewise is paralleled by the knock behavior. The 
experiments with variations in the composition of the mixture yield the 
lowest ignition temperature in about stoichiometric mixture; for varia- 
tions in knock behavior with composition, cf. F. Seeber, cited page 592. 

Recent experiments on the auto-ignition of hydrocarbons in mixture 
with air by adiabatic compression^ are in good agreement with the results 
of Tizard and Pye, insofar as the same materials were investigated (Fig. 
223). The experiments permit quantitative conclusions regarding the 
knock behavior of the investigated materials. We refer to the original 
work as well as to Chap. XII. 

^ JosT, W., and H. Teichmann, Naturwissenschaften^ 27, 318 (1939). For detailed 
description of the experiment and further conclusions, cf. W. Jost, Address at 
the meeting of the Deutsche Akademie der Luftfahrtforschung, May, 1939; in 
Schriften dent. Akad. Luftfahrtforsch., 1939. 
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The Experiments of Townend and Associates , — Of interest for the 
kinetics of hydrocarbon oxidation and also for knock behavior are the 
experiments of Townend and his associates, even though they are not 
so free from secondary influences in respect to method as are those by 
Tizard and Pye. Townend and collaborators^ used as their reaction 
chamber a steel container 15 cm in length and 4 cm in diameter which 
could also be lined with other material to vary the surface, and into 
which could be introduced the fuel-air mixture that had been prepared 
in a storage tank (which could be preheated). The filling required 



Fig. 223. Ignition delays (logarithmically plotted) for stoicshiornetric mixtures of 
benzol, i-octane, and a-hcptaiie with air, as well as apparent activation energy in kcal 
(temperatures not yet corrtMited fi-oin (tooling). {From Josl aiid Teichmann, p. 475. V) 


14 to 1 sec-; reaction and explosion were determined by changes in pres- 
sure for which purpose various manometers were provided, depending 
on the pressure range to be investigated. 

The induction penods up to ignition that were observed were situated 
between about ^ i (comparable with the time required to admit the 
mixture) and a number of seconds, sometimes up to 2 hr. In the case of 
induction periods of minutes or even hours, it can, under chosen experi- 
mental conditions, by no means have been a matter of thermal explosion; 
there must, at least in the initial stage, have been an acceleration by 
means of chain-bran clung with the production of relatively stable 
intermediary products, at least in the longest induction periods. These 


^ Townend, D.T.A., and M.U. Mandlekar, Proc, Roy. Soc. London, A, 141, 484 
(1933); 143, 168 (1934). Townend, L.L. Cohen, and Mandlekar, Proc. Roy. Soc. 
London, A, 146, 113 (1934). Townend and E.A.C. Chamberlain, Proc. Roy. Soc. 
London, A, 164, 95 (1936); 158, 415 (1937). K.ane, G.P., and Townend, Proc. Roy. 
Soc., London, A, 160, 174 (1937). Kane, Chamberlain, and Townend, J. Chem. 
Soc., 1937, p. 436. Macormac, M., and Townend, J. Chem. Soc., 1938, p. 238. 
Cf. also Townend, Chern. Rev., 21, 259 (1937). Also Newitt and Townend, “The 
Science of Petroleum,” Vol. IV. 
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might very well be aldehydes, which might partly form at the wall, an 
assumption supported by the influence of aldehyde additions on induc- 
tion periods observed by Townend, an influence that disappears as higher 
temperatures are reached. An influence of the wall on ignition behavior 
has been proved directly by Townend. 



( EntzilnduriKsternperatur => ignition temperature \ 

oberhalb von = above \ 

Druck = pressure I 

tkeorctisches Gernisch fiir vollstiindige Verbrennung = theon^tic.il mixture fur complete combustion I 
Einfluss von =» influence of J 

Butan in Luft = butane in air / 

Fio. 224. — Auto-ignition of butane-air mixtures as well as the influenre uiKjri it by 
the addition of lead tetraethyl. (Arrows indicate tlie displacement of the oxjdosion limit.) 
{From Townend et al., p. 408.) 

ToAvnend and his associates find as characteristic the existence of two 
ignition ranges, one in the neighborhood of 500° and the other in the 
neighborhood of about 300°C, and this agrees well with all earlier observa- 
tions, especially those on cold flames. As an illustration, we give the 
relations for n-butane in Fig. 224. Here the lowest ignition temperatures 
for various initial pressures are plotted as the function of the composition 
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of the mixture; raising the pressure and raising the fuel concentration 
effect a lowering of the ignition temperature, i.c., under certain circum- 
stances a transition from the upper to the lower ignition range. An addi- 
tion of Pb(eth )4 can have the opposite effect.^ Mixtures with 6 and 
8 per cent of butane and air at the pressure that was just adequate for 
the transition from the upper to the lower ignition range (1% atm) showed 
a great susceptibility to lead tetraethyl, which, mixed with butane in a 
concentration of 0.05 per cent, raised the ignition point by 160° or 138°C. 
At higher pressures, the influence was much smaller (sometimes only a few 
degrees centigrade). 

As the cause for the transition from the lower to the upper ignition 
range, Townend and his associates conjecture that an easily oxidizable 
intermediary product can, under certain circumstances, disintegrate 
more rapidly or otherwise be consumed, forming materials more difficult 
to oxidize. Some such process might also be the cause of the negative 
temperature coefficient. Under certain circumstances, direct proof 
can be furnished for the conjecture of Townend and his associates that 
aldehydes, for example, can disintegrate (e.g.y formaldehyde to CO and 
II 2 ) before they oxidize further.^ There are, however, other possible 
explanations (see pages 493^.). Phenomena like those for butane have 
also been observed in propane, pentane, and higher paraffins. 

It was further found that the range of transition from low-tempera- 
ture ignition to high-temperature ignition in general coincides with that 
of the appearance of cold flames. Figure 225 might serve as an example. 
It shows the relations in propane-air mixtures with 2.6 and 7.5 per cent 
of propane. In Fig. 225, the induction periods passing up to ignition are 
also plotted (italicized figures). In the shaded section, cold flames 
appear below the pressure required for normal ignition, as was determined 
by the pressure strokes as well as visually by means of an observation 
window. That in this range the appearance of cold flames and normal 
ignition are not independent phenomena, however, is clear from the fact 
that normal ignition is here always preceded by the appearance of a cold 
flame (in agreement with the findings of Neumann and Aivazov, Andreev, 
etc., cf. page 452). 

The following materials were investigated by Townend and his 
associates in all: methane, ethane, propane, butane, isobutane, pentane, 
hexane, heptane, octane, iso-octane, ethylene, propylene, a-butylene, 
and a-amylene; methanol, ethanol, and propanol; formaldehyde, 
acetaldehyde, and propionaldehyde; di-ethyl ether and di-isopropyl 

‘ For the effect of Pb(C 2 HR )4 on ignition behavior, cf. A.C. Egerton and Gates, 
J. Inst. Petroleum Tech.j 13 , 244 (1927). 

* Cf. JosT, V. MOffling, and Rorhmann, cited, p. 465; this explanation cannot 
be generally valid, because of the slow disintegration of the aldehydes. 
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ether; acetone; and benzol. A survey of the details is furnished by 
Figs. 226 to 236. In principle, the following might be mentioned. 
A decided separation into an upper and lower ignition range appears 



/Entziindungsleniperalur *= ignition to!npRrature\ 

\Druck = pressure / 

Fig. 225. — Critical explosion limits for propane-air mixtures with 2.6 per cent propane. 
1; 5 per cent propane, 2; 7.5 per cent projiane, 3. Range of cold flames shaded; induction 
periods (sec) in italicized figures. {From Townend el al., p. 408.) 



/Entziindungstcrnperatur = ignition teini>criilure\ 
vDruck = pressure / 

Fig. 226. — Ignition of ethane-air mixtures with (1) 6 per cent, (2) 10 per cent, (3) 13 per 
cent ethane; (4) and (5) as in (3) but with addition of 1 or 2 per cent acetaldehyde. Itali- 
cized numbers = ignition processes in sec or min. [From Townend et cU., Proc. Roy. Soc. 
London, A, vol. 154 (1936).] 

only from propane on up; in methane, no hint as to such a separation 
is present as yet; and, in ethane, a sharp bend appears in the pressure- 
temperature curve, at least for higher hydrocarbon concentrations. 
Figure 226 shows this and also indicates the following: At the lowest 
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ignition temperatures of mixtures rich in ethane, extraordinarily long 
induction periods appear, sometimes up to 2 hr. It can further be seen 
(curves 4 and 5) that an addition of small quantities of acetaldehyde 
(1 or 2 per cent), curves 4 and 5, causes a considerable lowering of the 
ignition temperature. But, and this is of special importance, acetalde- 
hyde is effective only in the range of low temperatures (below 435°C) 
and long induction periods, at the same time effec^ting a considerable 
shortening of the induction period. On the one hand, this would be 
in agreement with the assumption that, during the induction period in the 
low-temperature range, a reaction mainly takes place leading to the 
production of aldehyde, probably more or less at the wall; and, on 
the other hand, it supports the explanation suggested by Townend and 
his associates for ignition at high temperatures — that aldehydes dis- 
integrate^ there more rapidly than they are further oxidized.- Finally, 
this finding leads to an easy solution of the already mentioned (page 425) 
discrepancy between Steacie and Plewes^s and Bone and Iliirs experi- 
ments, of which the first established a shortening of the induction period 
by acetaldehyde for ethane oxidation at 452° but no other influence on 
the reaction, whereas Bone and Hill were able to produce ignition in the 
otherwise sluggish ethane-rich mixture of 316° by means of 1 per cent 
of aldehyde. 

As is known, the oxidizability in the sequence paraffin, alcohol, 
aldehyde increases for the first three members of the series. Up to 
propylene, the olefins are also more easily oxidized than the paraffins; 
but, from butylene on, the situation is reversed. The experiments of 
Townend and his associates thus conform to the above-mentioned rule: 
For paraffins, olefins, and alcohols, the oxidation stability decreases with 
increasing carbon-atom chain, but the decrease is less for olefins and 
alcohols thah for paraffins; and, with increasing size of the molecule, a 
reversal in the oxidation behavior therefore takes place, this reversal 
occurring in the neighborhood of butane. Below, olefins and alcohols 
are less stable in oxidation than paraffins, and above, more stable than 
paraffins. 

Under the conditions of the experiments of Townend and his collabo- 
rators, iso-octane too shows no fundamentally different behavior, except 
that all the phenomena occur at correspondingly higher temperatures. 
On the other hand, benzol shows a completely steady variation of the 
ignition temperatures with the pressure, without cold flames, in agree- 

^ But it must be remembered (p. 398) that aldehyde disintegration can be greatly 
accelerated by simultaneous radical chain reactions. 

* For analyses of the reaction products in cold flames, cf. D.M. Newitt and Thornes, 
J. Chem. Soc., 1937, p. 1656; see also D.M. Newitt, J, Inst. Petroleum Tech., 26, 137 
^ (1939), especiaUy in respect to knocking behavior. 
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/Druck = pressure \ 

f Uohr = tube | 

I griinc Flanirncn — green flames I 

\llcsultate von White = results by White/ 

Fig. 227. — Ignition limits for othyl ether in uir for various pressures in a 2.5-cm tube. 
To the left, range of normal flames; to the right, range of cold flames (for various tcrnpera-i 
turns). In curve 1 the cold flame passed over into a normal flame at about 3'^ the length 
of the tube; curve 2 shows limits in which normal flames appeared from the start. [From 
Townend et al., Proc. Roy. Soc. London, vol. 158 (1937).! 

ment with all other observations. Acetone^ proves to be stable in oxida- 
tion corresponding to its high knock resistance; but, like iso-octane, it 
also furnishes cold flames. 

1 On the photochemical oxidation of acetone at X = 3130 A and low temperatures, 
which, like the disintegration, takes place with a quantum yield of 0.24, cf. P‘. 
Fugassi, J. Am. Chem. Soc.^ 69, 2092 (1937); on photochemical disintegration (at 
3130 A), cf. Dawson and Daniels, J. Am. Chem. Soc.y 66, 2363 (1933). 
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Peculiar, too, is the behavior of the ethers. White^ found that there 
are two ignition ranges at low pressures (as a function of the mixture 
composition for ignition), of which one corresponds to ordinary flames 
and the other corresponds to cold flames. For ordinary flames, a spark 
was used and, for cold flames, a heated platinum spiral was necessary. 
It is noteworthy that cold flames may also be induced by ignition from 
one point in cold mixtures. ^ Townend and Chamberlain have investi- 
gated these relations in greater detail and have obtained the results 



Fio. 228. — Ignition of ether-air mixtures; (1) 10 i)er cent, (2) 5 per cent, (3) 2 per cent, 
(4) 1 per cent ether. Shaded portion is the range of cold flames for 5 per cent ether in air. 
[From Townend et al., Proc. Roy, Soc, London^ vol. 158 (1937).] 

shown in Fig. 227. They worked with a heated tube 2.5 cm in diameter 
and 1 m long. Ignition took place by means of a spark or a glowing 
platinum spiral. The spark is not capable of igniting cold flames, just 
as conversely the platinum spiral yields only a superficial combustion 
in the range of normal flames (c/. Chap. I, pages 22^.). In this case, 
as is customary, ignition was regarded as such only if the combustion 
had traversed the entire tube. Passage over into a wider tube (4.5 cm 
in diameter) extended the ignition limits. 

The velocity of the cold flames in the 4.5-cm tube was, independent 
of the pressure (between 240 and 700 mm Hg) and of the temperature 
(between 20° and‘ 160°C), about 24 cm/sec; in the 2.5 cm tube, it 
amounted to only 13.5 cm/sec. 

^ White, A.G., J. Chem. Soc.j 1927, p. 498, and earlier works. 

* Townend and Hsieh (J. Chem. Soc., 1939, pp. 332, 337, 341) have since been 
able to do this also with paraflfln hydrocarbons. 
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Further, in the case of ether-air mixtures, ignition temperatures were 
obtained as a function of the pressure (Fig. 228)) they show many 
similarities with the conditions in hydrocarbons. It is striking that not 
only is a range of cold flames obtained between 180° and 270°C for fuel- 
rich mixtures but that between 230° and 365° a range of green flames 
(in which the Swan bands predominate) exists that are identical neither 
with the bluish cold flames nor with the white or yellowish normal flames. 
In addition, an irregularity in the pressure-ignition temperature varia- 
tion appears in the case of ri(^h mixtures* in the neighborhood of 500°. 
The extremely low position of the lowest ignition temperature again 
parallels the small knock resistance of ethyl ether. 



/Entzun<lungstemperatur — ignition temperature’ 
VDrurk = pressure 


Fig. 229. — Ignition of di-isopropyl ether-air mixtures with 2.5 per cent content, ilange 
of cold flames is shaded. Ignition delays given in sec. [From Townend el al., J. Chem. 
Soc. (1938).] 

Di-isopropyl ether (Fig. 229) shows, as a whole, a behavior similar 
to that of ethyl ether with a similarly situated lowest ignition tempera- 
ture, but at higher pressures. This is perhaps remarkable in view of the 
very high knock resistance of di-isopropyl ether. Townend and his 
associates point to the following: The range of cold flames that extended 
from 390° downward seemed to be of a composite nature. In the lower 
range of the cold flames, the induction periods dropped with the tem- 
peratures; above it, the induction periods at first rose abruptly and then 
dropped again. In addition, the cold flames seemed to be blue at pres- 
sures above 3 atm in the upper system and of less intensity than in the 
lower system, where they are more purple and more intense. For regular 
ignition, minima likewise appear in the induction periods, being located 
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at ^ 240° and 320°. Furthermore, the explosions following the cold 
flames in the lower range were more violent by far. The parallel of the 
two separated ranges of cold flames in ethyl ether suggests itself. It is 
suspected that the primary oxidation of ether is determining for the low- 
temperature range and that the primary oxidation of one of the inter- 
mediary products analogous to hydrocarbon oxidation, e.g.y acetaldehyde, 
is determining for the range of higher temperatures. The lowest pres- 



/EritzlindunKSteinperntiir — ij?nitioii temperature \ 

VDruek = pressure / 

Fig. 230. - « is tlio ignition of 10 |)er cent ethane in air (1) and corresponding mixture 
with methanol (2) and formaldehyde (3). Italicized figures — induction [►eriodsin sec. 6 is 
the ignition of (1) 8 per cent, (2) 12 per cent, and (3) 18 per cent methanol in air. c is the 
same for 8 per cent formaldehyde (1) and 10 per cent formaldehyde (2) in air or the same 
quantities in oxygen (3) and (4). [Fnnn Towncnd el al., ./. Chern. Soc. (1037).] 

sure necessary for ignition at low temperatures is essentially higher for 
isopropyl ether than for ethyl ether, which, according to Townend, 
explains the higher knock resistance. 

Figures 230 to 236, which hardly require further explanation, give a 
survey of the other results of Townend. 

Townend has also related the observed minimum ignition pressures 
to the critical compression ratios observed for the same materials. Even 
though a qualitative relation must exist, we regard the quantitative 
relations as of a more incidental nature, if only because of the role that 
the wall plays in Townend ’s experiments. 

With the same phenomena of the cold flames are connected the 
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phenomena* observed in Jentzsch's ignition-point tester, except that 
here the introduction of the liquid phase and the undefined nature of 
the mixture composition brings in a new complication (in addition to 

Ih/e^ at 



/Eritziindting.stemperattir = ignition toinperatiircN 
\Uruck = jnesHurc / 

Ficj. 231 . — a is ignition of ethane-air mixtures Math (1) 13 jier eent ethane, (4) the same 
+ 1 per eent a(;etaldehy(le, (2) and (3) mixtures corresponding to (1) of ethanol and acet- 
aldehyde Math air. Italicized numbers = induction i>eriods in sec or min. h, (1), (2), and 
(3) represent curves for 4 per cent, 0.5 per cent, and 9 per t^ent, respectively, of ethanol in 
air. (4) corresi>onds to (1) but Math -f 1 per cent acetaldehyde, c, (1), (2), and (3) repre- 
sent 5 per cent, 7 per cent, and 10 per cent acetaldehyde in air. Shaded portion = range 
of cold flames, [Fj om Townend ct al., J. Chem, Soc. (1937) .J 

the influence of the wall). This does not of course exclude the fact that, 
with empirical calibration, the results obtained can be of practical use. 

D. THE THEORY OF HYDROCARBON OXIDATION 

As has been mentioned on page 418, Norrish^ has thrown open to 
discussion a mechanism of metliarie oxidation that postulates the partici- 

1 Cf. Jentzsch, H., Z. Ver, dcuL Ing., 68, 1150 (1924). Zerbe,C., and F. Eckert, 
OL u. Kohle, 2 , 112 (1934); Z. angew. Chem., 46 , 593 (1932); 46 , 659 (1933). Cf. also 
Dykstra, F.J., and G. Edgar, Jnd. Eng. Chem., 26 , 509 (1934). See also the com- 
prehensive presentation on determining the anto-ignition temperatures by W . Helmoro 
in “The Science of Petroleum,” Vol. IV, p. 2970, Oxford, 1938. 

* Cf. Norrish, R.G.W., Proc. Roy. Soc. London, A, 160 , 36 (1935). Norrish and 
J. Wallace, Proc. Roy. Soc. London, A, 146 , 307 (1934). Norrish and S.G. Foord, 
Proc. Roy. Soc. London, A, 167 , 503 (1936). 
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/EntziinduiiKstempcratur = ignition temporatureN 
VDruck «= pressure / 

Fig. 232. — a, (1), (2), and (3) ignition of corrosponding mixtures of propane, propanol, 
and propaldohyde (concentration figures lacking in tlie original). Shaded portion is the 
range of cold flames. Italicized numbers are induction periods in sec. h, (1) and (2) the 
same for 3 per cent and 7 per cent propanol in air. c, (1), (2), and (3) for 3 per cent, 5 per 
cent, and 10 per cent propaldehyde in air. [From Townend cl aL, J, Chem. Soc. (1937).] 




y to 11 ii 

Oruck at 

/Entziindungstemperatur — ignition temperature N 
\Druck " pressure ) 

Fio. 233. — Ignition of corresponding mixtures of (1) n-octanc, (2) n-heptane, and (3) 
iso-octane in air. Shaded portion is the range of cold flames. Italicised figures are 
ignition delays in sec. [From Tovmend ei al., J. Chem. Soc, (1938).] 
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/EntziindunRsternperatur 
VDruck = pressure 


ignition tcmperivture^ 


Fig. 234. — Curves for 1-scc ignition delay in tlieoretieal inixt\iros with air of A, n-octano; 
B, n-hoptaiie; C, rt-hexane; D, n-pentano; E, iso-octane; F, di-i so i>ropyl ether; propane; 

H, propylene. Solid curve 1 is pressure-tenii)cratiire curve for adiabatic compression 
(compression ratio indicated). In order to estimate ratios under conditions of engine 
operation (induction periods ^^5 • JO""* sec), the adiabatic was arl)itrarily moved to tne 
left (dashed line); then follow the points of intersection witli the individual fuels in the 
order of the critical compression ratio.s (shown). To tlio right above are curves for benzol 

I, methane 2, and acetone 3. Italicized figures are induction i)oriods in sec. [From 
Townend et al., J. Chem, Soc. (1938).! 



Fig. 235. — Ignition curves for ethylene-air mixtures with (1) 3 per cent, (2) 6 per cent, 
(3) 10 i)er cent, and (4) 20 per cent ethylene. Induction periods are in sec. [From Town- 
end et Proc, Roy, 8oc„ London, A, vol. 160 (1037).] 
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pation of 0-atoms and CHa-radicals and that yielded remarkably good 
results in a formal respect. Sachsse (cited page 419) could use the same 
mechanism to account for the ignition of methane at high temperatures. 
It may therefore be assumed that essential portions of the formal rela- 
tions derived by Norrish are correct. There are, however, certain objec- 
tions to the special reaction stages assumed by Norrish, which are 
perhaps not absolutely convincing for methane but which for the higher 



Fig. 230.— Propylone-air: a, with (1) 3 per cent, (2) 4.5 per cent, (3) 6 per cent, (4) 
4.5 per cent ])ropylene, for constant ignition dolay of 3 sec; (5) tljo same for 2 sec. h, 
propylene-oxygen. (1) with 25 per cent, (2) 18 per cent, and (3) 10 per cent propylene. 
Italicized figures arc induction periods in sec. Shaded portion is range of cold flames. 
[From Townend et al., Proc. Roy. *^oc., London, A, vol. KH) (1037).] 

hydrocai-boiis at any rate might lead to the rejection of a pattern proceed- 
ing chiefly by way of the oxygen atoms. ^ On the one hand, oxygen atoms 
are the most energy-rich of any of the radicals coining into consideration ; 
their appearance therefore at knv temperatures is relatively unlikely. 
On the other hand, the influence of artificially produced 0-atoms on 
hydrocarbons from ethane and upward (r/. page 373) takes a course 
different from the usual hydrocarbon oxidation at low temperatures. 
In addition, the attack of 0-atoms on hydrexiarbons is connected with a 
luminescence that, in contrast to the luminescence observed in slow 
oxidation (formaldehyde bands), shows the normal flame spectrum. A 

^ For a discussion, c/. A.R. Ubbclohde, Proc. Roy. Soc. London^ A, 152, 354 (1935) ; 
Z. Elektrochem.y 42, 468 (1936); further “The Science of Petroleum, Vol. IV, pp. 
2937J., Oxford, 1938. Jort, v. Muffling, and Rohrmann, Z. Elektrochem.y 42, 
488 (1936). Lewis, B., and G. v. Elbe, Ind. Eng. Chem., 29, 551 (1937); J. Am. 
Che^n. Soc.y 69, 976 (1937); Chem. Rev.y 21, 319 (1937); “Combustion, Flames and 
Explosions of Gases,” Oxford, 1938. 
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participation of 0-atoms in higher hydrocarbons seems, therefore, at 
least at low temperatures, to be excluded. The behavior of methane is, 
however, not so different from that of higher hydrocarbons that we should 
be compelled to postulate a specific mechanism for it. It therefore seems 
more satisfactory not to assume a participation of 0-atoms at low 
temperatures. 

Various photochemical oxidation reactions do not lead to a participa- 
tion of O-atoms or CH2-radicals, either.^ Bates, for example, interprets 
his experiments on the photo-oxidation of methyl iodide by the reaction 
series^ 

CH3I +hv-^ CHs + I 
CH3 + O2 -> CH2O + OH 
CH3I + OH CH3OH + I 

and believes he can add the reaction 

CH3 + O2 CH3-02 

We should like to regard this conclusion as not absolutely convincing, 
especially since other obsci*vations have been made for ethyl iodide. 

Schumacher and Brenschede investigated the photochemical oxida- 
tion of methane, methyl chloride, and methylene chloride, sensitized 
by chlorine. They were able to show that, in the photochemical oxida- 
tion of methane, sensitized by chlorine, a peroxidic intermediary product 
appears. For this reason, primary reactions of the radicals like 

CIT3 + O2 -> CH3 ( )2— 

appear to us quite probable, even though in addition, especially perhaps 
at higher temperatures, Bateses reaction 

CII3 + 02 -^ CII2O + OH 

is conceivable and probable. The assumption of the attachment of 
molecular oxygen to a radical fits in well with the elementary reactions 
usually adduced in oxidation reactions and especially well with what is 
known about aldehyde oxidation (c/. pages dlSff.). 

Two fundamental difficulties stand in the way of a formal treatment 
of the kinetics of hydrocarbon oxidation: (1) the complicated role of the 
wall in conversion observed in most of the experiments and (2) the fact 
that a tremendously large number of elementary reactions are con- 

^ Cf. Schumacher, H.J., Z. Elektrochem.j 42 , 522 (1936). Brenschede, W., and 
H.J. Schumacher, Z. physik. Chem.y Sec. A, 177, 245 (1937). Bates, J.R., and 
R. Spence, J, Am. Chem. Soc., 63 , 1689 (1931). Jones, L.T., and J.R. Bates, 
J. Am. Chem. 5oc., 66, 2285 (1934). 

* hv means that a light quantum is being absorbed. 
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ceivable, among which we can experimentally arrive at a choice with 
difficulty or not at all. For that reason, every attempt at a detailed 
treatment of the combustion kinetics must be very speculative, and the 
more or less good agreement of the end formulas with experience does 
not as yet prove the correctness of the basic mechanism in detail. In 
spite of these uncertainties, such detailed computations are of value 
insofar as they indicate what formal conditions the reaction stages to 
be introduced must fulfill, what types of intermediary reactions are 
probable, and which are quite improbable. 

Lewis and v. Elbe (cited page 432), to whom we refer for details, 
interpret methane oxidation, for example, by the following pattern:^ 

Chain induction at the wall : 

(1) HCHO + 02-^ HCO OOH HC-00— + OH 

(2) OH + CH4 CHa— + H2O 

(3) CH3 + O2 -> HCHO + OH 

(4) OH + HCHO HCO— + H2O 

(5) HCO + O2 HO2 + CO 

(6) HO2 + HCHO H2O + CO + OH 

Chain-breaking at the wall : 

(7) OH + wall destroyed 
Chain-branching : 

(8) HO2 + HCHO + O2 CO2 + 30H 
Formaldehyde condensation : 

(9) HCHO + HCO > CH(OH)CHO 

1/ + O2 

2CO + H2O 4- OH 

Concerning this pattern, the following can be said: The assumption 
of HCO- and H02-radicals {cf. also Chap. IX, page 317) is not improbable, 
nor is that of OH- and CHs-radicals at not too low temperatures. 
According to Groth,^ the reaction (5) of HCO with O2 is very probable. 
Chain-breaking, according to (7), might certainly take place if OH 
strikes the Avail; except that, in addition to (7), a Avhole series of other 
breaking reactions come into consideration. The destruction of OH-radi- 

^ It is here assumed that traces of formaldehyde have been formed by a catalytic 
surface reaction. 

*Groth, W., and K. Faltings, Z, Elektrochem.j 44, 621 (1938). Lewis and 
V. Elbe have recently called attention to the fact that partial reactions of the Lewis 
and V. Elbe pattern have been essentially supported by the observations of Groth 
and Faltings. (Lewis and v. Elbe, Beitrag zur Tagung der Deutschen Akademie der 
Luftfahrtforschung, Schriften deut. Akad. Luftfahrtforsch.f 1939.) 
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cals at the wall would, in particular, predominate only if OH were the 
least active radical and its concentration, therefore, considerably 
greater than that of other radicals. It is, however, probable that at 
least HO 2 is less reactionable than OH. The trimolecular branching 
reaction (8), which should proceed by way of an intermediary phase not 
listed, does not appear absolutely convincing; and, finally, the condensa- 
tion of formaldehyde with the radical HCO would, according to similar 
examples, not appear to be improbable in solution. But since ion 
processes could be partipating in solution, it is not clear from the outset 
whether a conversion of that kind is plausible for the gas phase. The 
oxidation of the condensation product in particular would require at 
least one more intermediary stage, since otherwise a quadrimolecular 
reverse reaction would be required for (9), which is completely excluded. 
Lewis and v. Elbe must assume that the velocity of (1) is given by 

^ [IICH0][0,] 


where d is the diameter of the container and where fci, the velocity 
constant, like the others, bears the number of the reaction as an index. 

2X 

With the further assumption^ that ^ ^ 1, they obtain, for the reaction 
velocity 


d[CH4 ] ^ hkl _ 
dt 2c/c^4 , 


[CH4]no2 


^2A^rA8[CH4][02]2[M]d2 


k^h) 


hm + ^ [OIL] 



In this, 


r2 


(D the diffusion coefficient) equals 


ki 


where [M] is the 


total concentration of the gases present and --- = ek[M]d. Even though 

this velocity expression renders correctly a scries of experimental facts 
on the dependence of the reaction velocity on the conceiitrarions as well 
as on the diameter of the container, it will be possible, considering the 
many assumptions, to conclude from it only that we can represent the 
experimental facts with a similar radical chain mechanism. 

It is a characteristic of the above reaction mechanism that it is 
probably necessary to demand of every mechanism that is in agree- 
ment with experience that a quasistatic concentration of formaldehyde 


1 Where X = free path lengths, e = breaking probability at the wall, d = diameter 
of the container; in the' computation, use is made of the formal relations derived in 
Lewis and v. Elbe, cited p. 274 (cf. Chap. VIII, pp. 273^.). 

* r i^ the radius of the container. 
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appear (as well as of active intermediary products) and that the reaction 
velocity is proportional to the expression resulting from it. That is 
the reason why it is possible, in computing the initial increase in time 
of the formaldehyde concentration, to obtain also the induction period 
by means of this pattern. It is necessary to call to mind the fact that, 
according to Semenoff (cf. pages 281/.), the assumption of long-lived 
intermediary products, like HCHO in this case, is necessary for the 
explanation of longer induction periods in chain reactions. The shorten- 
ing of the induction period by the addition of aldehyde thus follows 
naturally and directly from this pattern. This would naturally follow 
from any pattern in which formaldehyde (or other substances) plays a 
similar role as intermediary product for the production of active centers. 

The position of the explosion limits, too, and their susceptibility 
to not too small quantities of formaldehyde, turns out to be correct. 
To be sure, we must be cautious in our judgment in this case, since 
methane explosion is probably a CO explosion.^ 

Even though we are convinced that a number of details in the Lewis 
and V. Elbe pattern will have to be modified, it might nevertheless form a 
suitable point of departure for the further development of the theory 
of methane explosion. 

The oxidation mechanism of the higher hydrocarbons has been 
repeatedly discussed.- At this point, it is necessary to explain the 
following: the appearance of the induction period, which in part, just 
as in the case of methane, might be interpreted by the building up of a 
certain aldehyde concentration,^ perhaps in wall reactions; the appear- 
ance of the *^co\d flames as well as of the negative temperature 
coefficient” and of the reactions finally leading to ignition; and the nature 
of the reaction products — in addition to water, chiefly CO and aldehydes 
appear at low temperatures (as well as their oxidation and disintegration 
products), peroxides in small quantities, and CO 2 increasing with the 
temperature, olefins, alcohols, especially with a high ratio of hydrocarbon: 
oxygen as well as high pressures. 

^ That is, the transition into explosion takes place only after most of the methane 
is consumed and CO is the predominant reaction product (from a personal statement 
by W.Pk (Jarner, cf. p. 417). Where an influence of formaldehyde is present, it 
is therefore probably more likely to assume that the conditions for thermal explosion 
have been reached by means of the general reaction acceleration; cf. Norrish, cited 
pp. 417-418. 

® Ubbelohde, A.R., cited pp. 382-488. Jost, v. Mufftjng, and Rohrmann, 
cited p. 465. Lewis and v. Elbe, cited pp. 409, 425. Norrish and Foord, cited 
p. 417. 

* But only under experimental conditions in which the wall exercises a considerable 
influence; not, for example, in ignition by adiabatic compression with a short induc- 
tion period, as under the conditions of knocking combustion in the engine, and like- 
wise not at higher temperatures. 
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Common to all the proposed mechanisms is the fact that they proceed 
by way of radical cliains, as well as the assumption of peroxide-like 
radicals as infermediary products (with the exception of Norrish's 
pattern, which, for the reasons mentioned, we consider excluded in the 
higher hydrocarbons). Boners hydroxilation pattern, by mean| of 
which it is possible to explain a great portion of the reaction products 
(but not the considerable repression of alcohol in favor of aldehydes) 
must be eliminated for theoretical reaction-kinetic reasons as well as 
for reasons dictated by direct experience. 

Ubbelohde proceeds from Bodenstein-Backstrom^s pattern of aldehyde 

oxidation and assumes the existence of an aldehyde radical RC™0, 
which has reacted with oxygen to form a peracid radical RCO(OO) and 
which now reacts further with hydrocarbon according to 


yO—0— 

RC/ 

^0 


✓O — C) — II 

+ R-CIIa R C/ + R CH 2 ~ + 10 kcal 


( 1 ) 

The alkyl radical produced reacts with oxygen to form a peroxide radical 
and the latter again with hydrocarbon 

RCII2— + 02-^ R-CH2-02— (2) 

R CH2*02— + R-CHa R CH2— 0— 0— II + R CH2— (3) 


We should thus have a chain in which alternately peroxide radicals and 
alkyl radicals appear and by which alkyl hydroperoxide is formed. 
That peroxides are produced only in small quantities in hydrocarbon 
oxidation at low and at high temperatures (in contrast to aldehyde 
oxidation at low temperatures) is said to be conditioned by a well-known 
rearrangement and disintegration reactions of these peroxides,^ for 
example, 

R CII 2 O— 0— H RCHO + H 2 O (4) 

where the gross conversion of hydrocarbon +O 2 would then have to be 
represented by 

RCII3 + 02-^ RCHO -f H2O (5) 

Thus the appearance of the aldehydes would have to be understood as a 
chief reaction product but not the disintegration into the next lower 
aldehyde with the simultaneous formation of CO to be assumed according 
to Pope, Dykstra, and Edgar. ^ 


^ Cf. Rieche, a., cited p. 406. 

* Cf. Lewis and v. Elbe, cited pp. 432-456. 
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This result would, however, yield the following reaction, likewise 
suggested by Ubbelohde:^ 


R*CH2 h O 2 


R-CH2 02— (+X) RCO + H20(+X) 

RC/ ^ R— + CO 
^0 


( 6 ) 


where the next lower radical would have to oxidize on to aldehyde. The 
transition peroxide aldehyde, for example, 

CHa— 0— ()— H HCHO + H 2 O (7) 

is known. 

A chain-branching would be conceivable by the radical split of the 
peroxides 

R(ni 2 — O— 0— 11 -> RCIU—O— + OH— 48 kcal (8) 

The fact of the negative temperature coefficient is obtained by assuming 
that, with rising temperature, the rest of the rearrangement and dis- 
integration reactions of the peroxides increase more rapidly than this 
radical splitting. 

Jost, V. Muffiing, and Rohrmann (cited page 465) arrived at similar 
conclusions independently of Ubbelohde. First they started with the 
reactions of oxygen-hydrogen combustion (cf. pages 321^.) and assumed 
that in part the same intermediary products could appear in hydrocarbon 
oxidation, and in part tlie reaction stages of the hydrocarbon radicals 
or molecules would be analogous to those of hydrogen atoms and mole- 
cules. This, analogous to HO 2 formation, leads to reactions (if we also 
postulate^ the existence of individual radicals like R*CH 2 *CH 2 — ) like 

R-CH2 CH2— + 02(+M) R CH2-CH2*02— (+M) (9) 

which can occur either in a triple collision (M is any molecule) or in 
multiatomic radicals, sometimes also in a double collision, and which 
correspond to Ubbelohde's reaction (2). As a resulting reaction (reaction 
of the peroxide radical), the formation of an aldehyde radical and of 
water would come into consideration [corresponding to (6)] or, also in 
one step, 

R*CH 2 *CH 2 h O 2 — ^ R’CH2*C0 f- H 2 O + 78 kcal (10) 

and instead also 

' X is any molecule that must be active as a collision partner. 

* We are here in general formulating what has been proved originally in the case 
of CHr and C2H6-radicals. 
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H 


R-CH*-CH 2 — + O 2 R CHs C^ + OH + 68 kcal (11) 


where (11) would again not lead to CO production, but rather the 
aldehyde radical appearing in (10) could, as Ubbelohde also assumed, 
split off CO, and the remainder could be further oxidized.^ 

That alcohol formation is favored by a high hydrocarbon concentra- 
tion and high pressure would be conceivable by means of a reaction series 
like the following : 


R CH2 CH2— + O2 R CH2 CH2'02— 

R'CH2 CIl2 02— + H3C CH2 R R-CHaCHaOH + — OCHa-CHaR 

Peroxide radictil Paraffin Alcohol (12) 

followed perhaps, by 

R CH2 CII2 O— + H3C CH2 R R CII2 CII2OH + R CH2 CH2— 

(13) 

or also the two steps of (12) combined in triple collision (12'). Both 
(12) and (12') mean that the alcohol was formed in a reaction of a higher 
order than aldehyde and would, as a result, describe the facts (c/. page 
416). 

The following was assumed as chain-branching: 

RCH2CH2— + O2 + HaCCHaR-^RCIIaCHaOOH + RCH2CH2— 

(^Tr^ChI^ChI^^ ^ RCII2CII2O— + OH 

-f- R CII2 CII2— (14) 

This too is essentially equivalent to Ubbelohde's assumption, except 
that the alternative reaction without the intermediary formation of 
stable peroxide Avould indicate that the quantities of stable peroxides 
proved to be present in the reaction can be due to incidental conditions 
and need not be connected with the regular course of the reaction. 

The branching reaction (14) is of the third order in contrast to the 
reactions (10) and (11), which are of the second order. This would 
indicate on the one hand that chain-branching and therefore the reac- 
tion velocity is considerably stimulated by a rise in pressure^ and in the 
hydrocarbon concentration. If a triple-collision reaction (14) should 
make itself felt at all in addition to reactions of the type (10) and (11), 
the activation energy of the triple-collision reaction must be lower than 
that of the double-collision reactions. This, however, necessarily 

1 That the analogous radical HCO easily disintegrates, splitting off CO, is well 
known. 

* A rise in the pressure will have a favorable effect on the reaction velocity for the 
additional reason that it reduces the diffusion of chain agents to the wall. 
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results in the following: If at low temperatures the triple-collision reac- 
tion with a low activation energy proceeds at a rate comparable with 
that of a double-collision reaction with a higher activation energy, the 
double-collision reaction will, at higher temperatures, dominate the 
triple-collision reaction. This means, however (in its final effect, in 
agreement with Ubbelohde; in its origins, varying in detail), that, with 
increasing temperature, chain-1 )ranching will again diminish, whereby 
the origin of the negative temperature coefficient becomes reasonable. 
The assumption of an intermediary product leading to chain-branching 
(ki this case a radical), which, with rising temperature, is elsewhere 
more rapidly consumed instead of leading to branching, is therefore 
common to all the explanations advanced for this phenomenon. Under 
this heading would come also the assumption (Townend and associates, 
cited page 470) that aldehydes, wdiich are present as intermediary 
products, disintegrate more rapidly wdlh rising temperature than they 
are oxidized. Even though there are certainly experimental conditions 
under whicdi these reactions are responsil)le for a negative temperature 
coefficient, the aldehyde disintegration takes pla(;e too slowly at low" 
temperatures; and the fac.t that aldehydes api)ear in considerable con- 
centrations among the reaction products of cold flames also contradicts 
this assumption as a generally valid explanation. 

The formal nature of the intermediary reactions assumed by Ubbe- 
lohde as well as by Jost and his associates at any rat(^ sufficc^s to (explain 
a number of the most important properties of hydro(^arl)on oxidation: 
the dependence on a higher pow"cr of the hydro(;arbon concentration, 
the negative temperature coefficient, the favoring of the appearance of 
alcohols by high pressure and the raising of the ratio hydrocarbon rOa, 
the appearance of peroxides, as w^ell as the ability of the peroxides to 
influence the reaction. Those assumed intermediary reactions definitely 
do not suffice, how^ever, to account for the explanation of all the details 
of the reaction, and this was not intended at the time they were sug- 
gested; rather a general framew^ork w^as sought that w as to be supported 
later by more special assumptions founded on experiment. 

Lewis and v. Elbe (cited pages 432, 450) attempted a discussion 
going beyond Ubbelohde and Jost. Besides what has been said above 
for methane (page 489), the following is to be added to this subject: 
The introduction of the radical HO 2 , wiiich also plays a role in the 
oxygen-hydrogen reaction, has considerable probability in its favor. 
It is difficult to say whether the ^‘peracid branching resulting from the 
added effect of the HO 2 (cf. page 490) is probable in exactly the manner 
formulated by Lew"is and v. Elbe. At any rate, the experimental find- 
ings of Lenher (page 406) and Egerton (page 434) support the fact that, 
under certain circumstances, H 2 O 2 is a primary product of peroxide 
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formation and that this might then probably have been produced by 
way of HO2. 

If HO2 formation plays an essential role, we could under certain 
circumstances think of the following primary reaction of hydrocarbon 
oxidation : 


R CHa + 02-^ R CH 2 — + HO 2 50 kcal (15) 

an endothermic reaction, but one that, in the case of the higher hydro- 
carbons, would be more favorable, from an energy point of view, than 
the corresponding reaction of O 2 with H 2 to form HO 2 + H. To be 
sure, Lewis and v. Elbe assume as the primary step an aldehyde-yielding 
reaction, probably catalytic. This might actually often be the case, 
especially under all conditions in which long induction periods appear, 
in which the wall can be proved to play a role, and in whi(;h small aldehyde 
additions greatly accelerate the reaction, or ai, least sliorten the induction 
period. This does not apply in the case of a knock reaction in engines, 
however, and probably also not under the conditions in which Tizard 
and Pye as well as Jost and Teichmann carried out tlieir experiments 
on ignition by adiabatic compression. We are therefore forced to admit 
a second mechanism of chain induction. The above assumptions would 
do justice to the fact that this mechanism would have to predominate 
at higher pressures and temperatures. The catalytic reaction surely 
has a small temperature coefheient and would hence dominate the 
homogeneous bimolecular reaction (15) at low temperat.ures and pres- 
sures. At higher temperatures, the latter would then be determining. 
The same result would be achieved by assuming a primary disintegration 
of the radical of the hydrocarbon molecule, for which parallels can be 
found between the oxidation behavior and the thermal disintegration 
of hydro(!arbons,^ although difFiculties might arise because of the required 
chain length as well as the absolute value of the activation energy. 

It is not entirely easy to explain the point of the primary attack on the 
hydrocarbon molecule. According to Pope, Dykstra, and Edgar, it 
would have to be the end C-atom in paraffins; in aromatics, it is (cf. pagp 
469; also A.R. IJbbelohde, page 488) the a-C-atom 


C0H5CH2R 


which is reasonable in view of the double-bond rule; in the case of ethers, 
it is the group bordering on oxygen 

CzHb— O— CH2— CH3 

1 Boerlage, G.D., and W.J.D. van Dyck, J. Inst. Petroleum Tech., 21, 40 (1935). 
Jost, v. Muffling, and Rohrmann, cited p. 465. 
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Whether in the case of the higher olefins — corresponding to the 
double-bond rule — the attack takes place at a different point than in 
the paraffins cannot as yet be said with any certainty, but experience 
speaks against it, since a characteristic difference between paraffin and 
olefin oxidation cannot be established. The double-bond rule does 
indicate, however, that higher olefins convert with free radicals, forming 
especially long-lived, stable radicals and have a chain-breaking effect; 
that, in other words, higher olefins are more stable in oxidation than the 
corresponding paraffins. We could, for instance, imagine a reaction like 

R-CHa— CH=CII— R' -t- OH R CH— CH=CH— R' + H 2 O 


in which the radical produced would, because of the resonance between 
the two structures 


R— CH— CH=CH— R' and R— CH=CH— CH— R' 

1 I 

(or, written as an intermediary condition, R — CH— CH— CH — R') be 

especially stable and sluggish in reaction. That branched paraffins 
are more stable than extended paraffins could be explained by the fact 
that a continued destruction of the molecule by way of aldehydes and 
aldehyde radicals would not be possible here but rather that, in place 
of branching, finally either a tertiaiy alcohol or a ketone would have to 
be formed 


CII3 


CH3 

1 

R— C— CH2— CHj • • 

’ • -|- n02 — ^ R~ 

-c— on 

I 

CII, 


1 

CH, 

CH3 


CH, 

1 

1 

R— C— CHj— CH* • • 

• -j- n02 — ^ R““ 

0 

II 

-0 

1 


I 

H 


The greater oxidation stability and knock resistance of these materials 
as opposed to the aldehydes, however, is known (pages 454ff. and 559). 

To be sure, attention should be called to the fact that it has thus 
far not been possible to prove the corresponding higher ketones in the 
disintegration of the higher branched paraffins.^ Nevertheless acetone 
appears in larger amounts in the oxidation of 2,5-dimethyl hexane. 


1 Beatty, H.A., Chem, Rev., 21, 328 (1937). 
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There is no fundamental difficulty in understanding the inhibition 
of hydrocarbon oxidation by means of antiknocks, since it is a matter 
of a chain reaction. In the effect of lead or iron, it can be a matter either 
of the reduction of an oxygen-containing intermediary product, probably 
a radical, by means of the metal or a low oxide, or of the oxidation of an 
intermediary product by means of metal oxide. The corresponding 
experiments are not definitive. If Egerton and Gates (cited page 443) 
found that Pb(C 2 H 6)4 must have disintegrated in the presence of O 2 
in order to be effective, then this merely indicates that undisintegrated 
lead tetraethyl does not inhibit the reaction. That, likewise according 
to Egerton and associates (page 548), metals introduced into the engine 
in the presence of oxygen have a stronger antiknock effect than when 
introduced in the presence of nitrogen does not necessarily mean that 
they are effective only in the oxide stage; for in the engine tliere is always 
occasion for oxidation as well as reduction. It might in this case simply 
be a matter of an influence on the distribution condition that the oxygen 
perhaps prevents the metal particles from coagulating to larger particles. 
Thus it could also be understood that Berl,^ in apparent contradiction 
to Egerton, found that colloidal lead mixed with the gasoline had an 
antiknock effect that was lacking when colloidal lead oxide was added. 
We should have to assume only that lead oxide was of a coarser dispersion 
than the metallic lead. 

In general, we are of the opinion that the course of hydrocarbon 
oxidation is represented by and large by the following assumptions: 
radical chain mechanism with branching (branching in the gas phase 
and probably with the added effect of the wall); chain induction and 
breaking can take place, depending on the experimental conditions, at 
the wall and/or in the gas phase; in case of chain induction at the wall, 
probably added effect of the aldehydes; peroxidic radicals take part in 
the reaction, probably peracid radicals, also HO 2 . The formation of CO, 
H 2 O, aldehydes, and peroxides is easily accounted for by this pattern; 
CO 2 could, among other things, be produced in the disintegration of acids 
or peracids originating from aldehydes. For the formation of lower 
hydrocarbons as well as of olefins, the intermediarily produced alkyl 
radicals could be responsible. Chain induction in the gas phase, to 
be assumed at higher pressure and temperatures, could proceed from a 
primary radical disintegration of the hydrocarbon or a reaction of oxygen 
with the hydrocarbon, which is not yet entirely clear in detail [reaction 
(15), page 497]. Any attempt at a detailed treatment of the kinetics 

1 Berl, Fm K. Heise, and K. Winnackeb, Z. physik. Chem., Sec. A, 139 , 453 
(1928). Berl, E., and K. Winnacker, Z. physik, Chem., Sec. A, 146 , 161 (1929); 
148 , 36, 261 (1930). Cf. also Lorentzen, J., Z. angew. Chem.^ 44 , 130 (1931 ). Tauss, 
J., H. Gorlacher, and J. Lorentzen, Z. angew. Chern., 44 , 693 (1931). 
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must for the time being be highly speculative, for which reason we shall 
omit it here. We refer to the discussion in Lewis and v. Elbe, empha- 
sizing that the taking over of well-known condensation, disintegration, 
and rearrangement reactions of organic compounds, especially of a 
peroxidic nature (Rieche, page 406), is meaningful only if we are con- 
vinced that it is not a matter of reactions that are specific for the con- 
densed condition.* 

‘ Cf. in this connection also the papers at the; nu'cting of the Deutsche Akademie 
der Luftfahrtforschung, Berlin, 1939, to appear in th(i publications of the academy. 



CHAPTER XII 

COMBUSTION IN OTTO ENGINES 

1. Survey of the Observed Phenomena and Their Interpretation. — 

Internal-combustion engines probably represent the most important 
field in which a mastery of the processes of combustion is essential. 
We arc here limiting ourselves to machines of the type of the Otto engine, 
since special conditions that will be taken up in the next chapter appear 
in Diesel engines with heterogeneous mixture of fuel and air. 

Thermodynamic treatment of the ideal process, which is taken into 
consideration for reasons of comparison, shows^ tliat the efficiency of 
the Otto engine is favorably influenced by an increase in eompression. 
It is furthermore immediately clear that the absolute performance 
increases with the load and therefore with overload. The increase in 
compression, however, as well as overloading, is limited by the appear- 
ance of knocking. This term designates a process of combustion accom- 
panied by a metallic, knocking noise. The following description does 
justi(;e to the external process of knocking (airnbustion: A certain remain- 
ing fraction of the charge in the motor burns instantaneously (or with a 
speed extraordinarily increased in comparison Avith the normal flame 
speed) so that the volume of this remaining part does not change notice- 
ably during combustion. As a consequence, essentially liigher tempera- 
tures and, under certain circumstances, pressures several times higher 
than are normally ]*eached occur in combustion in this part. From this 
variation of pressure, a percussion Avavc develops that show^s as oscilla- 
tions in the indicator diagram. Parallel ^yiih this go an excessive mechan- 
ical and heat demand on the engine, an increased thermal transition, and 
a decline in output. ^ 

The origin of knocking is as follows The compressed mixture in the 
engine reaches a temperature that is quite high before ignition (c/. 
page 510 ). This temperature further increases in the last part of the 
unburned charge as a consequence of compression by the progressing 
flame. These temperatures are so high that almost all fuels that are 

1 For readers less familiar with engines, these matters have been put down in the 
following section, pp. 503^. 

* Cf. E., Vortrag auf der Tagung der deutschen Akademie der Luft- 

fahrtforschung, 1039. 

3 These explanations arc documented theoretically and experimentally in Sec. 3, 
pp. dlOff. 
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actually in use are subject to a rapid oxidation. It depends on the 
length of time that elapses between the development of an exposion 
from this rapid reaction whether the remnant of the charge reacts more 
or less instantaneously before the flame has progressed through the entire 
combustion chamber and whether knocking will occur or not.^ Since 
the speed of chemical reaction in general rises sharply with a rise in tem- 
perature, any rise in temperature is bound to increase knocking. Increase 
in compression, increase in temperature of the air and of the cooling 
agent, and overloading have this effect. In the latter case, dissociation 
of the combustion gases because of the pressure decreases, and tempera- 
ture (indirectly also that of the unburned gases) increases. Furthermore, 
relative heat loss decreases with increasing pressure. Tizard^ pointed 
out long ago that the suspected influence of pressure on knocking might 
in reality be primarily a matter of temperature. 

All experiences with the oxidation of hydrocarbons have shown that 
we are dealing with chain reactions (cf. the preceding chapter) that may be 
greatly retarded or accelerated by the addition of small quantities of 
various substances. Even if we do not yet understand in detail the 
mechanism of these changes, it is quite right to interpret the influence 
of proknock substances like peroxide and nitrites, as well as the influence 
of antiknock substances like aniline, iron carbonyl, and lead tetraethyP 
as an interference in the process of chain reactions. Beyond this, we 
can also explain in this manner the ways in which various fuels can be 
influenced by the addition of knock compounds, as well as their behavior 
in mixtures.^ 

As a matter of principle, it would be possible to make preliminary 
calculations concerning the knock behavior of individual fuels as soon as 
the mechanism of oxidation is explored; but at present such calculations 
are prevented by our lack of information about the distribution of 
temperatures^ in time and space in the gas mixture inside the engine. 
In addition, we have the problem that knocking, in turn, influences the 
temperature condition of the engine, for which reason a power decrease 
in an engine operating on knock-producing fuel occurs only after a 
certain period of operation.® For these reasons, a purely theoretical 

* These explanations can be proved in detail; rf. pp. 510^. Thus the flame speed 
indirectly plays a role in knocking. 

* Tizard, H.T., Traria, Faraday Soc., 22, 352 (1926). 

* Discovered as an antiknock substance by T. Midgley, Jr., SAE J.^ 7, 489 (1920); 
cf. Ind. Eng. Chem., 14, 589, 849, 894 (1922). 

* Cf. Sec. 9, pp. 553J?*. 

* The averages of time and space for these, which are relatively easy to obtain, 
cannot be used for this purpose. 

* Cf. the comprehensive treatment by von Philippovich, Z. Elektrochem.j 42 , 472 
( 1936 ). 
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treatment of knocking in the practical operation of engines is for the 
present out of the question; but even without this, the theoretical 
findings allow some practical interpretations. 

2. General Fundamentals and the Thermodynamics of Combustion 
in Engines. — The method of operation of the Otto engine may be assumed 
as known : In the four-stroke engine, the first stroke draws in the mixture 
of fuel and air. During the second stroke, this is compressed, ignited 
at the end of compression, and, ideally, 
instantaneously burned. In the third 
stroke, the burned gases expand and per- 
form work. During the fourth stroke, 
the exhausting of the burned gases takes 
place. Thus one cycle requires two 
revolutions of the crankshaft.^ Since 
the work requii'ed during the suction 
stroke and the exhaust stroke, aside from 
other friction losses, is caused by the 
fact that the mixture must be trans- 
ported with finite speed through con- 
duits with finite friction resistance, 
which is not essential to the process, we 
are justified in assuming the following 
ideal process^ (Fig. 237) in order to 

compare the performancic that has been reached with that which might 
be reached under the opi imum conditions. 



Fig. 237. — Idea) 


process of 
Otto inotliod. 


tho 


An idofil gas (air) is assumed as th(5 working substance in the cylinder with an 
initial volume of vi and initial pressure pi (and initial temperature Ti). Let adiabatic 
compression take place to v-i, pz, V’z. Now hd tho In^at quantity Qi be instantaneously 
supplied (eorrespondiiig to infinitely fast eombu.stion), so that under constant volume 
the pressure rises to pz and the temperature to 7%. This is represented by 


(Ta - = Qi 


( 1 ) 


Cl representing the moan heat capacity of the gas mixture between T>z and Tg. From 
3 to 4, the gas expands adiabatieally with work output to Vi = vi, at p 4 and 7\. Now 
let the heat quantity Qz be rejected 


{T A T i)C2 = Qz (2) 

where Cz is the mean heat capacity between Ti and Ti, so that the initial (x)ndition is 
reached again. 

^ The two-stroke process, in which these occurrences are combined in one revolution 
of the crankshaft, offers nothing new in matters of interest to us and is therefore left 
out of consideration. 

* Cf. MunLER-ForiLLET, ‘‘Lehrbuch der Physik," Vol. Ill, 1, and the chapter on 
technical thermodynamics; also Pye, D.R., “Combustion Engines." 
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The work done, represented by the area 1,2, 3, 4 (Fig, 237), is 

A — Qi — Q 2 

The efficiency, in reference to the heat supplied Qi 

— fL — 1 — ^ 

Qi 

If ~ C 2 , it follows further' that 

’’ T, -T^ T, iV , 


1 f we consider that 1 and 2 as well as 3 and 4 are connetded by an adiabatic curve, 
HO t hat 

pivi* = 7 > 2 V 2 * (6a) 

psV/ === (66) 

there follows, because v-i — V3 and v\ — r.t, 

£! = L‘ (7) 

Vi Pz 

and because of the gas laws also 

Zi - Zj (-ft) 

T 2 ~ T, 


s--(r' 


If we iiitrodueci ms the (H)riiprcssi()fi ratio 


the well-known formula for elliciency results 

„ = 1 - i = 1 _ ,1-. (11) 

From this, it is ch^ar that tlie elliciency of an engine becomes greater in 
proportion to increased compression ratios (Table 103, Fig. 238). In 

Table 103. — Thermal bjuKUENc Y tj of an Otto Engine as a Function of the 
Compression Katio e for the Air Process and k — 1.4 (From Pye') 


-- 

2 

3 

1 

4 i 

5 ! 

6 

7 

8 

10 

12 

14 

16 

18 

20 

* 

1 0.24 

0.35 

O.42I 

1 i 

0.47 

0.51 

1 

0.54 

0.56* 

0.60 

0.63 

0.65 

0.67 

0.68 

0.69 


' Pye, D.R., quoted p. AO.'L 


' This is never the case, because of the temperature variation of the specific heats. 
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actual practice, k is not 1.4, for the specific heat of the air rises with the 
j c c 

temperature, and /t = ~ = accordingly decreases with rising 

Cv Cp •” Jtv 

temperature. Furthermore, the specific heat of the fuel is higher than 
that of air, and also higher than that of the products of combustion. All 



( KniftntdlTmindorvorbraucli = dccrcuse it ftu'l coii.su mpliorA 
Tjt;istuuKis.sUugci unK = increase in elliciency \ 

n:ich U ii Ostwald — according to Wa. Cstwidd 1 

(hciti'cii.scli = theoretical I 

Vetdic[itnng.sverhfiltuis = compression ratio J 

iiach = according to / 

Fig. 238. — Increase in efficiency and decrease in fuel con.snmjition willi increase of eornpres- 
sion ratio, theoretical as well as according to special (‘xperi merits. {From Giessmann.^) 

this has the effect of de(;reasing the efficiency. In reality, we shall have 
to expect K values of to ^ 1.35 or lower. Table 104 shows what 

effect this has with regard to ideal effi(;iency. If k is reduced from 1.4 
to 1.3, the theoretical efficiency decreases by about 20 per cent. Figure 
238 represents, according to Giessmann^s graphs,^ the relative increase 


Table 104. — Thermal JCfficiency tj as a Function of e for k = 1.4 and 1.3* 


€ = 

4 

1 

6 

8 

10 

For K = 1.4, rt = 

0.42 

0.52 

0.56 

0.61 

For K = 1,3, ri — 

0.34 

0.41 

0.46 

0.50 


♦Calculated final pre.ssure; see Table 105, p. 510. 


in output with corresponding decrease in fuel consumption. It is not 
surprising to find the practical relative increase in output (or decrease 
in fuel consumption) more favorable than they should be according to 
the theoretical curve, because the increase in efficdcricy with increasing 
compression is not the only practical effective influence. There is also, 
for example, among other things the decrease in heat loss. On the whole, 
this simply means that practical efficiency is relatively lower than the 
theoretical data with low compression than with high compression. 

1 Gieszmann, W., Z, Ver. deut. Ing., 80, 833 (1936). 
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A question we shall not deal with is the fact that sharply rising peak 
pressures impose constructional limits at the highest compression ratios. 
On the other hand, we shall have to deal in detail with the limitations 
that the characteristics of combustion of the fuel impose on the increase 
in compression. 

First, however, we shall deal with other influences that combustion 
exerts on the efficiency of the engine. In Fig. 237, we can see that ideal 
efficiency presupposes an instantaneous heat supply at 2; i.e., in actual 
engines, if ignition takes place at 2, an infinitely high speed of combustion 
is assumed. If combustion takes place with finite speed, the area of the 
pi) diagram decreases, and with it the efficiency (dotted line in Fig. 237). 
This would take place not only because of finite combustion speed, but 
also because of the finite delay in ignition. If the spark occurs at 2 
{cf. Chaps. Ill, IV), the effect of ignition delay and of finite flame speed 
is to a great extent compensated for by advancing the time of ignition; 
i.e.j the spark is formed before upper dead center, the necessary adjust- 
ment depending on the rotative speed. If we had a normal combustion 
speed of the order of < 1 m/sec {cf. Chap. Ill, page 123), the time of 
combustion in cylinders of the order of magnitude 1 dm would take about 
0.1 sec. Since at 3000 rpm there would be available only 0.01 sec per 
piston stroke, the operation of a fast-running combustion engine would 
be economically impossible. Fortunately, however, the conditions 
under which the flame propagation takes place by means of normal burn- 
ing speed alone, excluding currents, are never present in the engine. 
Even without special provisions, there are always gas movements from 
suction and compression present in the engine that bring about an 
increase in the actual combustion velocity. By means of favorable 
shaping, arrangement of valves, etc., the turbulence of the gases in the 
cylinder head can be even further increased artificially.^ Measurements 
of flame speeds in engines actually always yield higher values — from 
about 10 to 30 m/sec for the flame speed — and no difficulties are experi- 
enced in engines from that source. 

Schnaufer,2 by the method of ionization,*"* determined flame speeds in 
airplane engine cylinders, which he determined as 12 to 23 m/sec at 
1900 rpm, compared with about 2 to 6 m/sec in bombs under otherwise 
equal conditions. The average combustion speed is approximately 
proportional to the whirling speed. 

' Cf. Ricaudo, H.R., cited p. 507. 

* ScHNAUFEn, K., Z. Ver. deut. Ing.y 76, 455 (1931). Cf. further Ver. deut. Ing. 
Forsch.f 1931, as well as Jahrb. deut. Versuchsanst. Luftf.y 1931, p. 375; 1930, p. 304. 

* At known distances, there are metal probes, introduced as insulated pairs, 
between each of which exists an electrical potential; a flow of current takes place in 
consequence of ionization when the flame front progresses. The occurrence of this is 
chronologically registered. 
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According to Eq. (11), the ideal efficiency of the engine would be 
independent of all special influences insofar as they leave the values 
of e and K unaffected. Aside from the influence on k (cf. page 515), an 
increase of cycle process temperature also has an unfavorable effect, 
because the position of the dissociation equilibriums of the combustion 
occurring in combustion is changed, which results in a loss complete con- 
version and a lower efficiency.^ On the whole then, we are interested 
in working for temperatures as low as possible, coupled with large k 
values and small degrees of dissociation. 

As an illustration, we give the cycle (progress) temperatures and pressures calcu- 
lated by Ricardo^ for a special case. The suction mixture has a pressure of 0.989 atm 
abs and a temperature of 398'’ abs in consequence of preheating by the cylinder walls 
and mingling with the hot exhaust products. With a compression ratio 5:1, the 
mixture reaches a compression pressure of 8.G5 atm abs with a temjxTature of 698° abs. 
At the end of combustion, T = 2753° abs and p = 35.75 atm abs; at the end of 
expansion, T — 1948° and p == 5.05 atm abs. With higher compression conditions, 
pressures and temperatures become correspondingly higher; the temperature at the 
end of expansion, however, becomes lower. The heat of vaporization of the fuel 
plays a perceptible role in the suction temperature of the mixture in the cylinder. 
In the case of fuels with especially high heat of vap'orization, c., 7 ., alcohol,® this has 
the effect of a percc^ptible lowering of the temperature of the mixture. Ricardo, for 
instance, gives the following value for lowering of mixture temperature because of 
evaporation of the fuel. We reproduce only a few typical examples: 


Substanc.e 

ri-Hep- 

tane 

Benzol 

Cyclo- 

hexane 

Heptylene 

Ethanol 

Methanol 

Lowering of mixture 
temperatures owing 
to evaporation 

18° 

26° 

21.5° 

23° 

82.7° 

140° 


This lowering of mixture temperature favorably affects the efficiency (the quantity of 
the suction mixture increases), especially the knock reaction, which depends con- 
siderably on temperature (cf. also pages 533#.). 

Since the initial temperature in general cannot be lowered, the only 
consideration in lowering the cycle process temperature — within the 
ideal picture (Fig. 237) — is a decrease of the heat supplied, Qj. (To 
be sure, efficiency is independent of tlie amount ^ whereas of course the 
actual output per working stroke does depend upon the amount.) It 

^ Cf. Kuhl, H., Ver. deut. Ing. Forsch., 373 (1935). 

2 Ricardo, H.R., ^^Schnellaufende Verbrennungsmotoren'^ (High-speed Internal 
Combustion Engines) Berlin, 1932. 

® The important thing here is not the heat of vaporization per mol, but rather the 
heat of vaporization of the quantity necessary for the reaction with the suction air, 
i.e., many more mols for alcohol than for benzol, which has a similar boiling point, or 
for corresponding paraffins. 
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means that in practice a diminution of the fuel content of the suction air, 
Le.j the use of lean mixtures, has a favorable effect on efficiency. Even 
with constant temperature, k changes with the composition. 

Figure 239 sho^vs, according to Ricardo, the connection between 
thermal efficiency and mixture composition as well as the average effective 
piston pressure (to which absolute output is proportional). Actually, 
thermal efficiency (curve b) increases at first quite sharply in the direction 
of excess air with low combustion temperature; but poor ignitibility 
and the low combustion velocity of the lean mixtures prevent further 
increase, and efficiency again drops. With the absolute output, the 
situation is reversed; it reaches its maximum with excess fuel. In the 



Mis^ungs^tthUftnis 


( mini. nu(zb. DnH-li = meiin effoctlve prt'HHun* \ 

tlienni.'sciier Wirkungsgrad vJl — tlicrmul eflicicMicy per eent\ 

LuftObensohuKH — <'xeeSB of uir ) 

firennstonCiherHchiiss = excoHH of fm*l J 

Miscliungsvcrhiiltnis = mixture ratio / 

Fiu. 239. — Variation of the moan cfTootive piston pressure «, as well as of thei thermal 
cfficieney b with mixture composition. (From lilcardo, 497.) 

case of illuminating gas, whore the limits of inflammability lie farther 
apart than for benzene, tliermal efficiency increases up to 40 per cent 
excess air and beyond. 

With use of lean mixtures, on the one hand, we approach the lower 
limit of ignition (c/. Chap. IT I), which in the case of irregular distribution 
to the different cylinders of a multicylinder engine may easily be exceeded; 
on the other hand, flame speed becomes very low. These two considera- 
tions limit the favorable efficiency otherwise attainable with lean mix- 
tures. Thus the unsolved problem still exists: to influence combustion 
in such a way that it proceeds sufficiently rapidly even in lean mixtures 
and to cause certain ignition. Since we cannot, generally speaking, 
appreciably influence combustion by the addition of small quantities 
of chemicals — exceptions like the modification of the burning speed of CO 
by H 2 or hydrogen-containing substances cannot be adduced as proof 
in the behavior of hydrocarbons — ^there exists little hope of finding a 
simple means of improvement. It might be possible, however, if we 
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produce fuel synthetically anyhow or give supplementary treatment to 
natural products, to work for combinations that have the lower ignition 
limit as low as possible and at the same time have a combustion velocity 
as high as possible. In any case, it should be pointed out that questions 
of flame speed (to which ignition limits are closely related) are also 



/Umsatz = converaion 
VZeit = time 


Fig. 240. — Time conversion curve for combustion in the engine, a 1, curve for normal 
combustion; 2, curve for spontaneous roacticn in the unburnod mixture; 3, the same for 
advanced ignition, b 1 corresponds to a 1; 2, curve for spontaneous reaction in unburncd 
mixture with knocking; 3, resulting conversion curve from 1 and 2, with knocking. 
I = moment of ignition. 



/Druck im Zylincler => pressure in cylinder \ 
vKurbelwinkel Grad = degree of crank angle/ 

Fig. 241. — Influence of the compression ratio on combustion velocity, a, compression 
ratio 4:1, mean effective piston pressure 8.4 atm. 6, compression latio 5:1, mean effective 
piston pressure 9.0 atm. c, compression ratio 0:1, mean effective piston pressure 10.3 atm. 
Pre-ignition constant 30® at A, speed 1500 rpm. Exact gasoline-air mixture. 

important in engine operation {cf. Chap. III). Flame speed also has its 
effect on knocking (cf. page 524). 

3. The Knocking Process. — The most important hindrance to an 
improvement of the efficiency through increasing compression, or — for 
that matter — of increasing output through overloading, lies in the process 
of combustion with the occurrence of knocking. 

If the conversion in the engine caused by normal progression of 
combustion is recorded as a function of time, the qualitative picture of 
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Fig. 240 results. Conversion and pressure show a similar rise (by 
measurement of pressure, conclusions can be drawn concerning conver- 
sion). The speed of pressure increase also depends on various external 
factors like size and shape of the combustion chamber, position of the 
spark plug, and whirl of the mass of gas (cf. Ricardo, cited page 507). 

As an example of the actual pressure variation in the engine, we 
reproduce in Fig. 241 an indicator diagram (Pye, cited page 503). 

As already mentioned, cfTiciency would decrease with too slow a rise 
in pressure; but it seems it has always been practically possible to 
counteract this. Too quick a rise (i.e., according to engine and operating 
conditions, more than about 2 to 3 atm /deg of crank angle; after Ricardo, 
cited page 507) leads to a rough running of the engine, which must be 
avoided. This too can be overcome by features of design. 

The more serious difficulties that come up have a dilferent reason. 
The gases drawn into the engine are under c()nsidei‘al)le pressure and 
temperature at the end of compression. Tf we assume 80*^1 ' as the initial 
temperature,^ the following compression pressures p 2 and temperatures 
T 2 result with k = 1.35 and different compression conditions (Table 105). 

Table 105 

K — 1.35 == 353° abs pi — 1 atm abs 

4 5 6 7 8 9 10 

300 347 387 425 457 490 518 

6.5 8.8 10.5 13.0 16.6 19.5 22.4 

This table shows that, even with low compression, final temperatures 
and pressures arc reached under which a lively reaction can take place in 
the mixture of hydrocarbon and air (cf. (Jhap. XI), which, in the case 
of many hydrocairbons, must lead to auto-ignition after rather short 
periods of iiuhiction. 

The temperatures given above are not, however, the maximum 
temperatures that a mixture attains inside the engine. Let us take a 
practical example: With a compression ratio of e = 7, for instance, a 
maximum pressure of about 40 atm was reached. The final part of the 
mixture has been compressed Tip to this pressure by the other, burning 
part. Without heat loss, we should calculate with k = 1.35 a tempera- 
ture of ^ 6409°C. Actual heat losses tend toward decreasing the 
temperature; but, since the initial temperature of 80°C was assumed 
as quite low, we shall have to expect a temperature of up to 600°C for 

* Even if the suction gases are at first only at room temperature or, because of 
evaporation, lower, they are considerably preheated by the hot cylinder walls and 
by the mixture with remnants of hot combustion gases in the cylinder; the above 
figures are therefore not too high (cf. Ricardo, cited p. 507). 


Ts, °C 

p 2 , atm abs 
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the latter part of the charge in the engine. It is clear from the data in 
an earlier chapter (pages 473^.) that, under such temperatures, a lively 
reaction proceeds in the unburned mixture. In Figs. 222 and 223, we 
quoted Tizard and Pye^ as well as Jost and TeichmaTin (page 474) on the 
induction time for auto-ignition at various temperatures determined 
by these men, especially for n-heptane and air. Since the measurements 
were carried out under adiabatic compression, they are directly compara- 
ble with engine conditions. As we can see, an approximate exponential 
connection exists between the period of induction and the temperature. 
We have extrapolated the measured values of Tizard and Pye to the 
higher temperatures, which is permissible for purposes of orientation. 
The induction periods for n-heptane are from about 40()°(y on, so short 
that operation with compression ratios of more than about 3 : 5 is out of 
the question with this fuel.^ We shall see that practical determinations 
of knock values corroborate these conclusions (cf. the critical compression 
ratios. Table 1J2, page 555). 

Even though the final pressures and temperatures ac^tually njached 
in the compressed mixture will be lower than those given in Table 105 
because part of the heat is imparted to the cylinder wall, they will, in 
general, still be high enough to make spontaneous reaction in the mixture, 
a factor not to be neglected. If this spontaneous reaction leads to 
auto-ignition before the spark occurs (i.c., in general before compression 
is complete), the result is premature ignition; this should be prevented 
because of the premature and sudden increase in pressure.^ Schemf^ti- 
cally the following picture presents itself (Fig. 240) : The solid line shows 
the conversion with spark ignition through the progressing flame. Even 
under normal conditions of operation (Fig. 240a), there would be spon- 
taneous conversion without an ignition spark, and it should not be 
neglected (approximately represented by the dot-dash curve 2*). This 
conversion, however, takes place so slowly that it need not play any 
role in addition to the normal combustion. However, if spontaneous 
reaction sets in so quickly that it leads to rapidly progressing conversion 

^ Tizard and Pve, quoted p. 472. 

2 Meanwhile Jost and Teichmann (cited p. 475; cf. also the detailed discussion of 
W. Jost, Paper read at the Convention of the German Academy of Aeronautical 
Re.search, Berlin, March, 1939, prixiied in Schr if tcM dcid. Akad. Luftfahrtforsch.j 1939) 
have succeeded in predicting quantitatively the occurrence of knocking in an exper- 
imental engine from auto-ignition behavior determined in the same engine. 

* For practical operation, premature ignition in the homogeneous phase is almost 
out of the question, but it may occur at overheated parts of the wall, the spark plugs, 
etc. 

* Under these conditions, the conversion according to the dotted curve 2 would 
complete its course only if the piston were held in place at the end of the compression 
stroke. Otherwise the reaction about to take place can perhaps be stopped short by 
expansion and cooling of the gas. 
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ahead of the ignition spark (dash curve, Fig. 240a, 3), then there is 
premature ignition. Fundamentally, spontaneous reaction is calculable 
on the basis of facts and principles discussed in Chaps. VIII and XI (cf. 
the example on page 511) if the reaction rate of the mixture under con- 
sideration is known as to its depend- 



ence upon composition, pressure, and 
temperature. 

If the reactions (Fig. 2406) in the 
unburned gas were to proceed with- 
out spark ignition, according to the 
dash curve, while the solid curve 
again represents the conversion by 
the normal, undisturbed flame, then 
— in the absence of mutual influence 


— ^the total process would be repre- 



sented as a superposition of the two 
by the dot-dash curve in Fig. 240/>; 
i.e,y after a normal initial phase, a 
suddenly increased conversion would 
follow toward the end. In reality, 
the reaction in the unburned gas will, 
of course, not proceed independently 
of the progression of the flame; be- 
cause, through progression of the 


flame, the unburned remainder is 


.Zp. ««= ignition point 

o.T. upper dead center \ 

u.T, — lower dead center \ 

nicht klopfender Motor = nonknocking \ 
engine 

Driickverlaiif = pressure variation 
KraftstofF: Henzin niit Bleitetraiithyl = 
fuel: gasoline with lead tetraethyl 
Lei8tung:.'12.2 PS = output 32.2 hp 
Schallschwiiigungen ini Verhreiinungsraum 
= sound vibrations in the combustion 
oliainber 

klopfender Motor = knocking engine 
schiidliche Sc h win gun gen der Gasmassc^ 
— harmful vibrations in the gas mass 

Fig. 242. — Indieutor diagram of nor- 
mal and knocking combustion (absci.ssa 
«= degree of crank angle); gas vibrations 
in the combustion cJiamber simultane- 
ously recorded (Nielsen). (From v. Phil- 
ippovich, p. 493.) 


further compressed and heated so 
that this effect can make itself 
strongly felt even when, without the 
flame, a strong conversion according 
to Fig. 240/> is not observable. A 
conversion as just described would 
result in an indicator diagram 
approximately like the one given in 
Fig. 242. An initially normal pres- 
sure rise that is suddenly acceler- 
ated toward the end is exactly what 
has been observed in knocking of 


engines. 

Maxwell and Wheeler have obtained experimental bomb photographs 
with simultaneous pressure data that correspond to knocking combus- 
tion. Under such conditions, knocking combustion can be obtained 
only if on the one hand the reaction chamber is very large so that there 
are small cooling losses and if on the other hand the last part of the 




COMBUSTION IN OTTO ENGINES 


513 


mixture has been compressed sufficiently by the previously burning 
charge. Maxwell and Wheeler used an explosion vessel of 15 cm diameter 
and 38 cm length, provided with a glass window. It is interesting that 
the addition of Pb(eth )4 to the mixture at 15°C hardly influences the 
course of knocking combustion of pentane; at best it accelerates it a 



Fig. 243. — Flame pictures through a window in the engine (ignition, lower left; flame 
runs upward, film runs to the left). Below, hardly knocking; in the middle, weakly knock- 
ing; and above, strongly knocking combustion. At the right, corresponding pressure 
recordings, which show the pressure peaks in knocking. Since the window does not 
disclose the entire combustion chamber, knocking can appear in the pictures even after 
the flame has apparently traversed the entire combustion chamber (lower picture) . (From 
Raesweiler and Withrow: The Science of Petroleum.) 

little. If lead tetraethyl is allowed to decompose before introduction 
at ^ 300°C, a completely nonknocking combustion results. This 
observation is in harmony with other experiences (c/. page 499). Figure 
242 shows indicator diagrams of knocking and of normal combustion 
of an engine according to Nielsen.^ The upper picture shows the process 
of combustion in normal combustion with only slight gas vibrations; 
the lower shows the variation of pressure with knocking combustion, 

‘ Nielsen, Arch. tech. Messerif 3, 173 (January, 1936). Cf. Philippovich, cited 
p. 503. 
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which is overlaid with strong gas vibrations that are separately recorded.^ 
Flame pictures of knocking combustion in the engine itself with 
synchronous pressure registration have been published by Rassweiler 
and Withrow. 2 Figure 243 shows three photographs of combustion, 
the first with very weak knock, the second and third with hard and very 
hard knock. Typical are the suddenly increased flame speed toward 
the end, the corresponding sudden rise in pressure in the indicator 



P^ia. 244. — S(!hcinatic presentation of the course of the flame, observed by Duch^ne 
(p. 504) in nonknockiiig (right) and (to the left) increasingly knocking combustion. Igni- 
tion at A; film movement downward; horizontal hatching = percussion waves with slight 
disintegration. {From Estradhrc, p. 457.) 

diagram, and the percussion waves running back and forth in the burned 
gas, which we have be(;ome acquainted with in Chap. IV, pages 139^. 
The “frequency” of the oscillating percussion waves, as is to be expected, 
agrees with the frequency of tiie vibrations registered piezoelectrically 
or otherwise in the indicator diagram. Rassweiler and Withrow have 
published’"* an especially good picture that reveals this. Deduction 
of the speed of knocking combustion is worth trying from Rassweiler 
and Withrow's picture; but, because of lack of sharpness of the flame 
front, it is uncertain. At all events, speed of knocking combustion is 

^ For observMtions of gas vibrations and their variations with the location in the 
combustion chamber, cf. especially Boerlagc, Broeze, Driel, and Peleticr, Engineering , 
143 , 254 (1937); also Broeze, Driel, and Peletier, Paper read at the Convention of 
the Deutsche iVkadcrnie dei Luftfahrtforschung, Berlin, 1939. For the basic princi- 
ple, see the paper by E. Schmidt. 

‘Rassweiler and Withrow, Ind. Eng. Chem., 23 , 769 (1931); 24 , 528 (1932); 
Automotive Engr.^ 24 , 281, 385 (1934). 

* Cf. “The Science of Petroleum/* Vol. IV, Figs. 4 and 55, p. 2915. 
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greater in order of magnitude than that of the normal flame, probably by a 
few hundred m/sec. Rassweiler and Withrow report 800 to 900 m/sec. 
There exists no compelling reason to assume for it a detonation speed 
of about 2 km/sec. Schnauffer^ found the velocity of knocking com- 
bustion to be about 300 m/sec; Serniys gives 500 m/sec. All these data 



Fic 3. 245. — Exporiniental engine of Rassweiler and Withrow (p. 500) the combustion 
chamber of wliieli is closed off by a quartz plate; cylinder viewed diagonally from above; 
at a valves and spark plug. 

agree as well as Ave can expect in view cf the uncertainty of the flame 
front in a turbulent mass of gas. 

The analogous course? of combustion can be obtained in a somewhat 
clearer form in a laboratory apparatus (Duchene).^ Since the original 
pictures are not available for reproduction, Ave reproduce a schematic 
representation by Estraderc'** (Fig. 244). RassAveiler and Withrow made 

^ Schnauffer, SAE 34 , 17 (1934); also quoted p. 506; cf. Philippovich, ’cited 
p. 503. 

2 DuciitiNE, M.R., Service technique et industrielle de Taeronautique, Bull, 
technique 54, Paris, 1926. This publication contains studies concerning flame speeds 
under adiabatic compression without knocking. DuciiiiNE, R., Pub. sci. tech, minis-^ 
are air France, No. 11, Paris, 1932; Compt. rend., 186 , 220 (1928); 192 , 1633 (1931). 

3 EsTRApfeRE, Suzanne, quoted p. 465. 

^ Rassweiler, L.C., and G.M. Withrow, SAE J., 39 , 297 (1936); Ind. Eng. 
Chem., 28 , 672 (1936). The cylinder used had a bore of 2% in. and a stroke of 4?^ in. ; 
compression ratio 4.7: 1. The quartz window w^as by 4?^ in. in size and had to 
stand a pressure load of about 2.5 tons on its exposed surface. If the engine runs at 
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pvtures of an actual engine whose cylinder head was closed by a quartz 
pane; they used a camera taking 5000 pictures per second. Rothrock 
and Spencer^ got similar pictures. Withrow and Rassweiler used the 
arrangement shown by Fig. 245, which illustrates the complete develop- 
ment of the flame. For details of arrangements and of the optical 
method, we must refer to the original. Pictures of nonknocking and 



I' +20.6* , +31.0* , ' •^33.8^ ; : 4- 36.2? 


Fk;. 240. iSlow-inotioii pictures of normal combustion from Rassweiler and Withrov. : 
steady pro;n os.sion of the buiniiip; zone, which has traversed the entire combustion chamber 
at al)Out +12° crank angle; ignition 23° ahead of dead center. Afterglow of the burned 
gases. 


knocking combustion thus obtained arc shown in Figs. 246 to 248. 
Thc^e clearly show the steady progression of the split flame front in 
normal combustion (Fig. 246), as well as the almost instantaneous 
reaction of the remainder in knocking combustion (Figs. 247 and 248). 
The last series of knocking pictures also shows that the knocking reaction 
does not have to start at the flame front {cf. in that connection other 
experiences, page 522; the pictures of Duchene, mentioned above, 


2000 rpm and pictures are to be taken at each 2.4® of crank angle, an exposure time of 
only 10“^ sec is called for, which requires a special optical arrangement. 

1 Rothrock and Spencer, N AC A Kept, 622, 1938. 
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show something similar). Moreover, it is shown that this auto-ignition 
in the unburned mixture does not emanate from hot places in the wall 
(this, of course, does happen also) by the fact that, in the series of six 
pictures of knocking combustion, this reaction started time and again 
in a different place. Such a reaction in the unburned gas can (probably 
because of higher temperature differences in the gas) proceed also in 



Fio. 247. — Pictures of knocking combustion. Up to —2.0° crank angle the course is 
like tliat of normal combu.stion; at —0.2°, ignition in the unburncd mixture occurs removed 
from the flame front; it is followed by a very rapid reaction of the remainder. Already at 
+2.2° evei’y thing is burned. {From Rasstveiler and Withrow, p. 500.) 

such a way that auto-ignition starts in one place but that, beginning 
from there, a new flame spreads normally (Serruys, rjuoted pages 531 , 
533 , 535 ; Sokolik and Voinov, quoted page 531 ; Rothrock and Spencer, 
quoted page 516 ; Breeze 0- The same can also take place from hot spots 
on the wall (spark plugs). What occurs then is an accelerated rise in 
pressure but no knocking (Serruys calls it '' pseudodetonation ^0- In 
knocking combustion, the knock-reacting mixture remaining may under 
certain circumstances be compressed into a very small volume (because 

^ Broeze, J.J., H. VAN Driehl, and L.A. Peletier, Paper read at the Convention 
of the German Academy of Aeronautical Research, May, 1939; printed in Schriften 
deut. Akad. Lvftfahrtforsch., 1939. 


618 EXPLOSION AND COMBUSTION PROCESSES IN OASES 


of compression by the progressing flame), for which reason its reaction 
is not directly observable under certain circumstances. This may be 
the case in some of Rothrock and Spencer's pictures. Furthermore, 
through the turbulent gas currents, unburned parts may get behind 
the flame front and there be able to react only with knocking (cf. the 
phenomenon discussed on page 143). 



Fig. 248. — Six pictures of knocking combustion (A-F), which siiow that knocking 
occurs again and again in different places, sometimes in connection with the flume front, 
sometimes removed from it, and that it is therefore not caused by hot spots in the wall. 
(From Rassweiler and IVilhrow, p. 506.) 


Finally, it has repeatedly been observed that, in knocking combustion, 
the intensity of the primary normal flame was strongly reduced^ as the 
conditions of knocking combustion were approached (Duchene, cited 
page 514; Rothrock and Spencer, and others). The cause of this phe- 
nomenon is not quite clear yet. Perhaps it is connected with the pre- 
reactions in the unburned gas; the spectroscopic findings of Rassweiler 
^ And that under certain conditions its velocity was reduced. 
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and Withrow in engines (pages 551J^.) can be quoted in support of this. 
Simultaneously, with progressing combustion, a stronger reillumination 
of the burned gases or, in regular knocking, shock waves can be observed. 
This reillumination can easily be interpreted as a consequence of compres- 
sion in the burning of the remaining charge (c/. pages 148/.), and it will 
be superfluous to assume the course of a further reaction behind the 
flame front, as Duch6ne and Rothrock and Spencer suggest. Neverthe- 
less, further attention should be paid to the phenomena that are not yet 
clear in all details. 

The explanation of the knocking process has caused more difficulties 
than the discovery of the most effective antiknock compounds by 
Midgley and his collaborators.^ It had long been recognized that 
the metallic knocking noise did not come from moving metal parts but 
was caused by the sudden pressure rise in the gas mass. It was hardei* 
to explain where the sudden pressure rise came from, however. Since, 
in contrast to normal flame propagation, the detonation wave is con- 
nected with a sudden rise in pressure, the suggestion that a knocking 
detonation occurred seemed natural enough. This view was held, for 
instance, by Midgley,^ who distinguished himself in knock research. 
Although more recent research has — with one exception, cf. page 521 — 
led to the result that knocking in engines is not a true detonation, the 
term detonation'^ has been widely used in the literature (especially in 
English and American) to designate the knocking process. The word 
'^detonation" is used there mostly in a metaphorical sense. What is 
common to knocking and true detonation is increased propagation 
velocity of combustion and therewith increased pressure rise as compared 
with ordinary combustion, and the formation of shock waves that oscillate 
in the burned gases with the speed of sound or faster. These are recog- 
nizable by vibrations in the indicator diagram and the associated reillumi- 
nation of the burned gases due to compression. This is often observable 
toward the end of combustion behind the flame front even without 
marked knocking. The presence of detonation is contradicted by the 
fact that it has never been possible to get a detonation with the hydro- 
carbons in mixtures with air used in engine operation. Furthermore, a 
detonation wave would have to progress with a calculated speed of the 
order of magnitude of 2 km/sec, whereas the measurements in engines have 
resulted in values of between approximately 200 and 900 m/sec (cf. pages 
513, 514). Those are, to be sure, extraordinarily high velocities, in fact 
ten times greater than those of normal combustion in engines and suffl- 

^ Cf. Wilson, R.E., Ind. Chemist, 29 , 239 (1937). Midgley, T., Je., Ind. Eng. 
Chem., 29 , 241 (1937). 

* Midgley, T., Jb., and Janbway, SAE J., 12 , 367 (1923). For a discussion of 
this question, cf. G.G. Brown and G.B. Watkins, Ind. Eng. Chem., 19 , 366 (1927). 
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cient for an explanation of all phenomena observed in engine operation. 
This is still a long way from the velocities of a true detonation, however. 
Furthermore, a stationary detonation wave can, in general, proceed only 
in a tube of constant diameter (cf. Chap. V, page 187). Detonation 
disappears in passing from a narrow tube into a wider tube; whereas, 
conversely, in passing from a wide to a narrow tube, detonation is not 
impeded so long as the narrow tube is wide enough for a detonation to 
propagate in it at all.^ For this reason, the geometric prerequisites for a 
true detonation are not fulfilled in an engine. On the other hand, the 
fact, known since Ricardo, that the shape of the cylinder head is essential 
in knocking might support the point that conditions that favor the 
occurrence of sudden pressure waves are favorable for knocking. ^ 

We shall now discuss the only diverging observations according to 
which true detonations supposedly occur in engines, as presented by 
Sokolik and Voinov.^ These authors, like Withrow and Boyd before 
them, made pictures of flames in an engine provided with a window. 
It was a specially constructed, one-cylinder engine, corresponding to 
an airplane engine (127*140 mm, 1.77 liter, with a roof-shaped combustion 
chamber and overhead valves with a spark plug at one end), with a top 
window of pyrex glass, 6 mm wide and 1 50 mm long, which was mounted 
in a somewhat conic piece of metal adjustable like a cock. As long as 
no pictures were taken, this cock was so adjusted that the window could 
not become covered with condensation. In comparison with the meas- 
urements made by Withrow and Boyd, as well as the experiments of 
Duch^ne (which were made, to be sure, not in the engine itself, but 
with gases adiabatically compressed, as they would be in an engine), 
the arrangement of Sokolik and Voinov is better because pictures can 
be taken with a powerful lens 1:2 on a drum rotating up to 7000 rpm, 
corresponding to a linear speed of up to 60 m/sec. Consequently a 
better analysis and a quantitative determination of the occurring speeds 
is certainly possible insofar as the light intensities permit. 

In knocking combustion, all the pictures of different experimenters 
appear like the ones in Fig. 244, with greatly increased flame speed 
toward the end, followed (perhaps) by a shock wave that is recognizable 
as a zigzag line in the picture. The determination of absolute velocity 
in the last part of the combustion is difficult, first because of the absence 
of analysis in the older pictures, but also because in this final combustion 
the intensity of the flame is not always sufficient. In the pressure wave 
that follows, the determination is under certain circumstances much 

^ Cf. in this connection, p. 574. 

* Since heat conduction, turbulence, and length of the flame progression play an 
important role, it would be difficult to draw valid conclusions from this consideration. 

’ Sokolik, A., and A. Voinov, Tech. Phys. USSRf 3, 803 (1936). 
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better, allowing a satisfactory determination of speed of the order of 
magnitude of the velocity of sound in the burned gases. If a true 
detonation has occurred, the result is, as Sokolik and Voinov acknowledge, 
a picture about like Fig. 249, in which the film speed is much greater 
than in Fig. 244. The section at D corresponds to the actual detonation 
wave, which would have to have a velocity of ~ 2000 m/sec, as it is 
indeed recognizable in a few of Sokolik and Voinov’s pictures. In 
many pictures, however, this section is not at all recognizable; there are, 
rather, pictures like Fig. 250 where, to be sure, the primary flame and 



Fig. 249. — Picture of knocking coinbustioii with groat film spend. At the right, sche- 
matic representation of the pitrture: film movement from bottom to top; ® crank angle as 
time scale; flame F ran from riglit to left. According to the authors, detonation is said 
to have taken place at D; then reflected percussion waves follow. Tlie “retonation wave” 
jR, which ought to appear in case of a detonation and which has bejen sketched in, can 
probably not be recognized in the photograph itself. {From Sokolik and Voinov, p. 510.) 

the shock wave following it are recognizable, but not the end of the 
primary flame which leads into the shock wave. Estradere (page 515), 
for instance, who publishes flame pictures made with Duchene^s appara- 
tus, represents her pictures schematically (Fig. 244). Here we cannot 
possibly be dealing with a detonation; it must instead be a self-ignition 
of the unburned remainder. Otherwise the flame front could not run 
counter to the primaiy flame. Figure 251 has nothing to do with the 
phenomena under observation, but it shows auto-ignition very neatly, 
perhaps caused by a hot spot on the wall, in the unburned mass without 
knocking. 

Among the pictures published by Sokolik and Voinov, a few seem to 
show detonation; most of them, to be sure taken with lesser drum speed, 
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correspond rather to the type shown in Figs. 244 and 250.^ The pictures 

of Estrad^re and probably also those of 
Duchene seem to correspond only to the 
type of Fig. 244. The situation, therefore, 
cannot yet be regarded as clear. Perhaps it 
is justified to consider the observations of 
Sokolik and Voinov for the time being as a 
borderline case occurring rarely. The pic- 
tures by Rassweiler and Withrow and by 
Duchene had showm that the occurrence of 
shock waves is in general a consequence of 
knocking combustion.^ Still the diagrams 
of Nielsen (page 512) show that, in the 
pressure diagram, vibrations can be proved 
to be present before reaching the point of 




Fig. 260.— Picture of knock- Fig. 251 .—Picture of engine combustion 

ing combustion, with primary by Sokolik and Voinov (p. 510), which shows 

flame (ignition, upper left) iiuto-ignition in the unburned mixture (at H 

percussion waves in tl\e burned in the schematic presentation at the right) 

portion. {From Sokolik and but without knocking. 

VoinoVy p. 610.) 

maximum pressure.'"^ This does not contradict what was said before, but 
it makes advisable the consideration of how far primary shock waves may 

1 Broeze, Driel, and Peletier especially point out possibilities of error in the 
pictures of Sokilik and Voinov, paper read at the convention of the German Academy 
for Aeronautical Research, Berlin, 1939. 

* Cf. in this connection also Broeze, Driel, and Peletier, cited above; Jost, W., 
and Jost and Teichmann, cited pp. 511, 475. 

* Also qf. pp. 138/. about the origin of percussion waves and oscillations. 
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be responsible for the induction of knocking.^ The author would like to 
assume that normally shock waves should be regarded as the secondary 
phenomenon and that their aid in the induction of knocking need be 
considered only in special cases. 

Let it be said that, in spite of the great difference in the process of 
knocking, either by detonation or by auto-ignition of the unburned 
mixture, the theoretical and practical problem in both cases is still 
more nearly similar than we might at first assume. Since normally 
no detonation is observed in the mixtures of hydroc.arbons and air, and 
since furthermore in the progress of combustion in cylindric.al tubes a 
certain running length is required until actual detonation occurs with 
detonating mixtures, a pre-reaction would manifestly have to occur in 
the engine and would lead to intermediate detonating products. A 
possibility^ of a pre-reaction might therefore exist which, under certain 
circumstances, would yield submolecular intermediate products in such 
concentrations that detonation would become possible. However, this 
would first have to be proved by special experiments and seems, for the 
time being, improbable. The essential thing in knocking, at any rate, is 
the pre-reaction. If knocking consists not of a detonation but only of an 
accelerated reaction® of the remaining gas, this too must be induced by 
a pre-reaction. The fact that the propagation speed is different in the 
two cases does not play a veiy important role, because it does not make 
much difference in engine operation and observable peak pressure whether 
the speeds of flame propagation are 10 or 100 times greater than in 
normal combustion, if only they are of the order of magnitude of the 
speed of sound or greater; for, under those circumstances, the combustion 
of the remaining part may be regarded as taking place practically under 
constant volumes (cf. pages 528J^.). 

Figure 240 suggests two approaches to the elimination of knocking: 

1. Diminution of the time available for knocking reaction, e,g.y 
through a moderate increase of normal combustion velocity,^ so that 
combustion is already finished before the sudden conversion starts in 
the unburned part. 

2. Deceleration of the reaction in the unbumed gas, so that the final 
pressure rise does not occur. 

1 The experiments of Rothrock and Spencer {NACA Repl. 022, 1938) contradict 
such an effect. 

*C/. SoKOLiK, A., and K. Shtsholkix, Acta Physicochim. URSS, 7, 581, 589 
(1937); also Chap. V, p. 290. 

* In “ideal knocking,’' a simultaneous auto-ignition of the entire remaining mixture 
would have to occur; this ignition will not occur simultaneously if irregularities of 
composition and temperature are present. 

* In this, the influence of flame velocity on knocking becomes evident; we have 
pointed this out several times. 
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Suitable engine construction can lead to results in both directions. 
Regarding deceleration of reaction in the unbumed part, chemical 

methods have been used. The former may 
at least be pointed out, even if we shall 
discuss only the latter in detail here. 

1. Acceleration of ordinary combustion 
through (a) turbulence, (h) shape of cylinder, 
(c) location of spark plug, and (d) size of 
cylinder and increase in rpm. 

2. Deceleration of the reaction in the 
unburned part through increased cooling 
partly in consequence of turbulence, partly 
through cylinder shape, size, and wall 
material. 

Knocking interferes with engine operation 
because of the high peak pressures and tem- 
peratures occurring and the simultaneous 
decrease in performance. Weak knocking 
need not as yet be connected with a de- 
crease in performance; Fig. 252, according to 
Giessmann, shows average working pressure as a function of compression 
ratio as obtained, according to Ricardo (cf. page 535), in the determina- 
tion of the greatest usable com- 
pression ratio for the determination 
of knock values. Performance 
improves with slight, occasional 
knocking under increase of com- 
pression ratio, and it drops off with 
heavier knocking. The greatest 
usable compression ratio reached 
was used by Ricardo as a measure 
for the knock resistance of a fuel. 

As an example of the decrease in 
performance of an engine opera- 
ting on a fuel with poor knock 
resistance (‘‘octane numbers, to 
be discussed later, were used as 
a unit of measurement), we give 
Fig. 253 from Philippovich’s 
summary, page 503. This shows 
that poor knock resistance does not manifest itself in performance at 
first but that a few minutes later a considerable decrease in performance 
can occur, which makes further operation of the engine impossible. 



( Loistvinn = efliciency ' 

Bftriubszeit = running time 
PS = Jip 


Fjg. 253. — Decrease of engine eflSoioncy 
with running time for sufficiently knock- 
resistant fuels (OZ 72) and not sufficiently 
knofik-resistant fuels, OZ 62 and 68, Pontre- 
moli. OZ - octane number. {From Philips 
povich, p. 493.) 
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Fereftchfungst^nha/Inis 

( inittl. Arbeitadruck = rnoaiA 
working pressure \ 

Klopfbeginn = beginning of I 
knocking I 

Vcrdichtungsverhaltnis = com- / 
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Fra. 252. — Mean working 
pressure as a function of 
the compression ratio in deter- 
mining the highest useful com- 
pression ratio, HUC. {From 
Giessmann, p. 495.) 
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Probably heavier knocking occurs only to the extent to which the engine 
heats up, since knocking must depend to a large degree on the tempera- 
ture of the mixture. The average temperatures in the combustion 
chamber rise with increasing compression and knocking. The exhaust 
temperatures drop with rising compression,^ which is favorable for the 
overheated exhaust valves. This is clear from the thermodynamic ideal 
process treated at the beginning and is directly understandable without 
calculations. If, under a higher compression ratio, the energy trans- 
formed into useful work increases, less energy must remain in the working 
substance; i.e.y therefore, the exhaust gases must become cooler. 

4. Essential Considerations in the Combustion and Knocking Process 
in Engines. — In the following paragraphs of this chapter, we shall deal 
chiefly with the nature of the processes that cause knocking, with the 
difference in knock resistance of the various hydrocarbons, and with the 
possibilities of influencing knocking. Very interesting questions present 
themselves, however, even if we assume simply that knocking is a very 
quick reaction of a remaining part of the cha rge in the engine and investi- 
gate what results are produced. 

We must for this reason first recall the conditions of normal combus- 
tion in the engine in the light of the general knowledge gained earlier 
(pages 148^.). We have seen that, with combustion in a closed chamber, 
irregular temperature distribution, even when all heat-conduction 
effects arc excluded, is fundamental, occurring in such a way tliat, after 
combustion is completed, the place from wliich (*(>m}>ustion starts \,i.e.y 
near the spark plug) shows the highest tempevrat iir(\ and the place last 
reached by the flame is the coldest. Temperature differences in this 
vary by hundreds of degrees. For calculations in engines, it is best to 
use a numerical procedure.^ With a cylindrical c()m])ustion chamber 
divided into imaginary layers of ecjual depth, the procedure would be as 
follows: We presuppose the combustion velocity as being small in com- 
parison with the speed of sound, so that complete pressure equalization 
always takes place, an assumption permissilfie for normal combustion. 
Furthermore, let us assume an ideal case in which during the combustion 
the piston is arrested in upper dead center, so that the total volume is 
constant. If the imaginary layers are chosen sufficiently thin, the 
combustion of every layer can be regarded as taking place under almost 
constant pressure. Each burning layer simultaneously expands and 
then compresses the unburned as well as the previously burned gas, 

^ Heat conversion during expansion is greater, too, in knocking operation; cf. 
Rassweiler and Withrow, SAE ./., 36 , 125 (1935); cf. in this connection also the 
theoretical considerations of K. Schmidt, Paper read at the Convention of the German 
Academy for Aeronautical Research, appearinginSchriftendeut. Akad.Luf if ahrtf orach. y 
1939. 

* Cf. in this connection G.G. Brown, Chem. Rev.y 22 , 27 (1938), where extensive 
bibliography is given; also G. Damkohler, Jahrh. deut. Luf if ahrtf orach. y 2 , 62 (1938). 
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causing temperature changes in these other layers. If the heat of com- 
bustion and the specific heat are known, the temperature distribution 
can be calculated for each instant. We have reported it qualitatively 
for a similar case in Chap. IV, Fig. 107, for the initial, partial, and 
complete conversion. Spatially constant temperature always prevails 
in the unburned gases. Temperature drop prevails in the burned gases in 
the direction from the place of ignition. The mean temperature of the 
entire volume is not identical with the temperature that would prevail 
with even temperature distribution. Because of the temperature 
dependence of the specific heats, it is, like the pressure, somewhat lower 
than the corresponding values calculated for even distribution. For 
practical purposes, however, this difference, amounting usually to less 
than 1 per cent, may be neglected. 

Calculation may be made by means of suitable thermodynamic 
tables.^ As an example, we quote^ the fact that, in an engine with 
€ = 4.4 and 80 per cent of the theoretical air, a temperature drop of 

350°C was measured, whereas calculation (and for 85 per cent theo- 
retical air) amounted to 600°. The difference between calculation 
and experiment can probably be explained (aside from the effect of 
cooling and turbulence) by the fact that combustion took place not under 
constant volume but over an extent of a 40° crank angle. 

For an estimate of the temperature reached in the unburned mixture 
(whose temperature is of decisive importance in the occurrence of 
knocking), the following information may be of use. As already men- 
tioned (page 240), there remains a discrepancy of at least 160°C 
within which lies the temperature calculated for the burned gas as com- 
pared with the one measured directly according to the line-inversion 
method.^ This amount must have been brought about during combus- 
tion by cooling, which because of turbulence is many times greater than 
would be calculated for gases at rest. Since the unburned gases are 
much colder than the burned ones, the amount of their cooling must also 
be smaller than in the burned gases. A cooling of the unburned gases 
of the order of magnitude of ^ 50° will have to be regarded as possible. 
Furthermore, the cooling of the burned gases also has an effect on the 
temperature reached in the unbumed portion, since thereby the pressure, 
and thus the compression, of the unburned gases is lowered. For this 

‘ For instance, the one of Hershey, Eberhard, and Hottel, SAE (4), 39 , 409 
(1936). 

* Rassweiler and Withrow, SAE J,, 46 , 125 (1935). Concerning measurement 
and calculation of gas temperatures in Otto engines, cf. also M. Donescu, Pub. sci. 
tech, ministhre air 69, 1935, with detailed references to literature. It is noteworthy 
that explosion temperatures rise in the order of hexane, heptane, iso-octane, cyclo- 
hexane, benzol; i.e.y in the order of decreasing hydrogen content. 

* Hershey, A.E., Chem. Rev., 21 , 431 (1937). 
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reason, by the way, any local cooling has its effect on the entire volume 
of gas in a closed chamber, and we should not reason without qualification 
that no real drop in temperature had occurred in all regions that are too 
distant from the cold walls to be affected by direct heat conduction. 

All these effects must be considered in passing judgment on tempera- 
ture measurements Avith thermo-elements that give average temperatures 
over the entire work cycle. ^ The adiabatically compressed fresh gas 
reaches its highest temperature in the place farthest away from the spark 
that is reached last by the flame. Conversely, the burned gases show 
their highest temperature in the vicinity of the place of ignition. Tem- 
perature averages, therefore, hardly bring out the particular tempera- 
tures of interest in individual cases. 

Brown also calculated pressures, volumes, and temperatures for 
the Otto cycle under consideration vdth uneven temperature dis- 
tribution; the diagram reproduced in the original shows (as is to be 
expected) that, in the normal combustion process, efficiency is not 
noticeably decreased by this factor. It is quite different in knocking 
combustion, however. Regarding the nature of knocking, it is onl}'^ 
presupposed in this that combustion in the knocking part of the charge 
takes place more quickly than its volume adjustment can take place. 
The question, therefore, of whether knocking is a true detonation, an 
instantaneous auto-igniiion of the remainder of the charge, or a process 
somewhere between these two remains entirely open. For appraisal, 
Brown uses the following data^ which appear to him sufficient to regard 
knocking as the combustion of the remaining part of the charge under 
constant volume. Normal combustion at 900 rpm required a crank 
angle of 37® or 0.0067 sec. Knocking combustion under the same condi- 
tions was completed in 22® of crank angle or 0.0041 sec. The normal 
combustion of the first half of the charge recpiired the same time in both 
cases, approximately 0.0036 sec, so that for the knocking combustion 
of the remainder about 0,0005 sec was available.^ From Rassweiler 
and Withrow^s pictures, it is directly clear that the position of the burned 
gases has not changed during this knocking combustion and that, conse- 
quently, combustion has taken place under constant volume. 

^ Cf. Boerlage, Broze, Driel, and Peletier, Engineering, 143 , 254 (1937). 

* Rassweiler and Withrow, SAE J., 39 , 297 (1936). 

3 The time estimated by Brown for knocking combustion may probably be regarded 
as too long. Assuming that the “knock zone” extends over about 5 cm, 0.0005 sec 
would correspond to a speed of 100 m/sec. If combustion is to take place without 
volume change, however, its speed would have to be comparable with at least the 
speed of sound, i.e., 500 m/sec; the required time would then be 0.0001 sec. That 

would tie in with Schnauffer’s (cited p. 514) and Serruys^s observations. Serruys 
(cited also p. 531), in an example of direct oscillographic pressure indication, gives the 
duration of the pressure rise during knocking combustion as 3.10"* see. 
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In the combustion of the last part of the charge, extraordinarily 



l/btumen 


( Druck jn-essure \ 

Volunien = volume/ 

Fia. 254. — Diagram for knocking 
combustion. It is assumed tliat the 


high peak pressures, whose measuring 
depends on the accidental position of the 
pressure-measuring element, must occur 
in places. Pressure instability must 
then spread with greater speed than that 
of sound as a shock wave that is many 
times reflected between the walls of the 
chamber and yields the usual picture of 
vibrations in the indicator diagram.^ 

An estimate of the possible peak 
pressures in knocking combustion is 
easily obtained. Assuming that at the 
end of compression the mixture is under 
pressure of about 8 atm, which rises 
because of combustion to about 40 atm, 
the last small particle of the charge 
before combustion would be under ^ 40 
atm. During combustion of the re- 
mainder at its own volume, a pressure 
rise of fivefold, a maximum pressure of 
200 atm, would occur. This pressure 
peak, however, occurs only in an ex- 
tremely small volume and must therefore 
soon ^ dissipate,” so that it cannot have 
a harmful effect. 

With stronger knocking, the instan- 
taneously burning volume is larger; the 
initial pressure and the peak pressure 
are therefore a little lower. Neverthe- 
less these are bound to have a harmful 
effect in the operation of the engine. 
Maximal pressure data result from theory 


last third of the cliurge burns in its 
own volume. 1, 2, 3, 4, 5, C, solid 
line, average values for the total 
mixture. Dashed, sperific values 
for a, the first part of the charge; 
h, last part of the normally burning 
charge; and cf, of the remainder 
burning with knocking (smallest 
specific volume and highest pres- 
sure). {From Brown, p. 61 G.) 


as well as from direct measurements. 

Brown (quoted page 526) calculated 
the diagram for the ideal process of the 
Otto cycle (Fig. 254) for knocking com- 
bustion under the assumption that the 
last third of the charge burns within its 
own volume. For details of the calcula- 


tion, we must refer to the original. Here we reproduce only as much 


' The pressures measured in different parts of the combustion chamber must 
depend essentially on geometrical relations. 
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as is necessary for the understanding of the diagram.^ The solid 
lines in the diagram represent the average values of the entire 
mixture, which are important in the calculation of performance and 
efficiency. Alongside them, dra^vn as dotted lines, are the specific 
values (volumes and pressures) of (a) the first part of the charge, (h) 
the last part,, which burns normally^ and (c) the part that burns with 



Fig. 255. — Variation in the output with the ooinprossion ratio for various gasolines. 
In knocking, the output drops after reaching a inaxiinuin. Upper curve for benzol. 
{Presentation from Brown, p. 516.) 


knocking, for which the maximal pressure is about 2.65 times as great as 
it would have been with an even ending of the combustion. Brownes 
data in the cycle process refer to € = 6 ; the peak pressure with knocking 
of one-third of the charge is calculated at above 70 atm. This high 
local peak pressure resulted in a decrease of the mean effective pressure 
and with it a decrease of performance. It is easy to see that this is 


* C/. also G. Damkbhler, quoted p. 525. 
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qualitatively so. The gas from the regioii of superhigh pressure must 
flow to regions of low pressure; shock waves form, in which necessarily a 
part of the energy of the gas is present in the form of kinetic energy of 
the directed movement. Owing to the constancy of energy, the energy 
of the nondirected movement and with it the average pressure m.ust 
diminish by this much. If the shock waves run in the direction of piston 
movement, a more exact consideration is called for. 



Influence of Knocking on Output and Efficiency for 


6 






COMBUSTION IN OTTO ENGINES 


531 


because of knocking, the condition of the engine, especially the tempera- 
ture of the individual parts of the wall, changes fundamentally; that, 
because of these changes, the process of combustion is further influenced 
for the worse; and that all these secondary effects can, under certain 
circumstances, bring about a much greater deleterious effect than can 
the entire primary performance decrease. 

A number of the preceding considerations are verified by direct 
measurement.^ The high peak pressures and gas vibrations (shock 
waves) following them are well known from many pictures; they also 
appear clearly in Serruys^s experiments. Figure 256 reproduces a 
diagram of normal combustion obtained with the Farnboro indicator; 



Fio. 257 . — Farnboro diagram of knocking combustion. {From i^erruys, p. 521.) 

the maximum pressure is 32 atm, whereas (Fig. 257), in knocking com- 
bustion, peak pressures of over 90 atm occur. 

The diagrams made with Serruys’s optical indicator show more 
details. The pressure recording also depends on the place in the com- 
bustion chamber where the indicator has been installed. 

As examples of light and medium-strong knocking we show one more 
diagram (Fig. 258), which clearly indicates extreme pressure variations 
in knocking and the milder gas vibrations following them. In this 
diagram, slight vibrations can be seen even before the beginning of 
knocking; these have been observed frequently, and often a special 
role has been assigned to them in the start of knocking. Especially 

' For a systematic survey, cf. v. Philippovich, A., Z. Elektrochem.^ 42, 472 (1936). 
Serruys, M., “Science adrienne,'' pp. Aircraft Eng., 10, 143 (1938). 
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after the experiments of Rothrock and Spencer/ who found no influence 
of artificially induced shock waves on the beginning of knocking, this 
assumption seems not generally applicable, even if occasionally such 
vibrations might be regarded as coeffective in inducing knocking. A 
combustion (similar to knocking) of small partial volumes that have got 
in or behind the burning zone^ or an intensification of the vibrations 
(as was also discussed in conn( 3 ction with H. Schulze, page 142) could 
be held accountable for the vibrations appearing before actiial knocking. 
The apparent freciuency of the vibrations decreases during expansion, 
as is to be expected in conseciuence of temperature drop and volume 
increase. The speed of the shock waves under Serruys’s conditions 





Fig. 25<S.- -liKliK^tor curves (Sorruys indicator) of li^ht and incdiuni-hoavy knocking 
(tinio axis runs whicjh emphasizes the pressure peaks and gas vitwationa. {From 

Serruys, p, 521.) 

was ^ 800 m/sec. Since shock waves of small amplitude propagate 
at a speed only slightly above that of sound, the determination of the 
speed of such waves (either natural or artificially induced) would also 
be a means of temperature measurement in the engine. 

Foi’ ihe th(‘rmal demand occurring because of knocking, the following 
considerations of Serruys are valid: 

a. Overheated places are not always identical with those which are 
normally hottest. 

b. The position of the place of maximum heating is dependent on the 
location of the spark plug. 

All this is to be expected after the preceding theoretical considera- 
tions. Although, during normal combustion, the burned gases become 
hottest in the vicinity of the place of ignition, in knocking they initially 
reach highest, temperature in the part burning last and farthest away 

^ RoTHROrK and Spencer, N AC A Rept. 622, 1938 

^ (''f. the observation by H. Schulze, p. 144. 
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from the spark plug. The shock wave emanating from there, however, 
causes heating up in other places too. The wave effect time and again 
brings about a reheating of the gas portions near the walls, thus increasing 
heat conversion. 

If the spark is advanced in an engine close to knocking condition, 
knocking will set in more easily. Even so, performance may increase 
with slight knocking; it always decreases in heavy knocking. Simul- 
taneously the temperature of the exhaust gases drops, and the tempera- 
ture of the cylinder head lises because of the more active heat conversion 



( 


LeiatUTijg = output 

AiispuflloMirxuatur — oxhausi tiunporature 

uiittloro Zyliiulcrkopftoiiiporatur = avcraRo cyliiMlor-hoad tempcratun 
Vorziiiidung = advaiuaxl ignition 
Kurbelwinkol = crank angle 




FitJ. 259. — Variation in output, exhaust teiuporature and avoraRe cylinder-head 
toinporaturc with advanced ignition (increasing advanced ignition conesponda to increaa- 
ing knocking). {From Serruys, p, 521.) 


already mentioned (Fig. 259). If knocking is caused not by advancing 
the time of ignition but only by a poor quality of fuel, a decrease of 
performance is noted from the start (Ricardo). Serruys (we shall discuss 
these matters later in connection with the reaction-kinetic considerations 
in the knocking process) stresses that clear relations can be reached only 
if all auto-ignition because of overheated spots in the cylinder is avoided. 
Figure 260 shows such an anomalo\is situation in which auto-ignition 
and knocking are simultaneously present. Knocking and auto-ignition 
may occur separately or together in the same combustion. By auto- 
ignition, we mean here the occurrence of ignition in any place of the 
unburned mixture, far from the flame front, mostly emanating from glow- 
ing spots in the wall; this will spread with normal velocity (in contrast 
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to knocking, which represents an almost instantaneous ignition of the 
entire remnant of the mixture). Since, however, even with auto-ignition 
in this sense an accelerated pressure rise is present, we should not be 
deceived into regarding this as knocking. Confusion of these two 
phenomena might under certain conditions be the cause of many 
discrepancies. Serruys,^ in this sense speaks of detonation^' and 
** pseudodetonation." 

Raising the temperature and pressure (overloading) of the intake 
air promotes knocking; we shall later refer to this (page 535). Let us 





/Druck *= presHureN 
VZeit = time / 

Fiq, 260. — Anomalous indicator diagram with simultaneous auto-ignition and knocking. 

(From Serruys, p. 521.) 

remark here that in general Serruys, quoted page 531; F.A.F. 

Schmidt ‘'^) the increase in knocking is interpreted as a consequence 
of the change of reaction conditions together with pressure. In this 
statement, certain reser\'ations should probably be made. If the engine 
is overloaded, more energy, proportional to the overloading, is converted, 
more heat is given off to the walls, and the condition of the combustion 
chamber is changed. The walls are bound to become hotter and with 
them also the unburned gas. The heat conductivity, by the way, 
remains independent of pressure; the compressed gas therefore cools 
relatively less than the uncompressed gas, which in turn means a tem- 
perature rise of the gas in operation with overloading. Furthermore, dis- 

> Serruys, M., Compt. rend., 197, 224 (1933). 

* Schmidt, F.A.F. , Ver. deut. Ing. Forsch. 392, 1938. 
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fiociation of the burned gases is reduced by the pressure rise, while 
temperature correspondingly goes up, indirectly also in the unbumed 
gases. The pressure effect observed is therefore actually predominantly 
a temperature effect. 

We can conclude this indirectly from the experimental data of Serruys. 
He reports that the exchange of a cast-iron cylinder head for one of an 
aluminum alloy in many cases raises the performance to be obtained by 
about 15 to 20 per cent because of a diminished tendency toward knock- 
ing. The reason for this can only be the better heat conduction of the 
aluminum head and the lower wall temperature caused thereby. Ser- 
ruys has checked this systematically and for this purpose first lined the 
cast-iron head with thin layers of aluminum, coppei*, and chromium; 
but operation was not essentially influenced by tlds. It is therefore 
not the nature of the surface that exerts this influence. In contrast, 
Serruys expected that roughing up of a sufficiently cooled wall, at least 
in the region of knociking, would probably have a good effect because of 
increased heat conduction. Experiments bear him out. Besides the 
cylinder heads already mentioned, one aluminum head with a striated 
surface was used. It was possible to obtain the following loads before 
knocking started: 


Cast-iron head 8 . 4 1 5 hp 

Alpax bead 9.53 hp 

Alpax head, striated 11 .925 hp 


The effect of the striated head can be explained only by increased heat 
conduction from the adiabatically compressed gas remainder. This is a 
proof for the fact that, with turbulence, heat loss through conduction 
plays a considerable role, although for static gases only comparatively 
small conduction would be calculated. ‘ Since, however, relative heat 
loss in overloading must decrease inversely with the overload pressure, 
the mixture in overloading must be noticeably hotter just before burning 
(the effects may lie in the order of magnitude of 50°C) ; and this conditions 
to a large extent the stronger tendency toward knocking. Furthermore, 
pressure increase diminishes dissociation and thus increases temperatures. 

6. Measurement of the Knocking Process. — Before considering the 
character of knocking, it seems in order to ask how knocking can be 
proved to exist and how the knock behavior of a fuel can be quantita- 
tively characterized. If we are willing to put up with the uncertainties 

^ This, by the way, can be concluded from the heat given off to the cooling water. 
In connection with the preceding considerations, cf. also M. Serruys, La combustion 
d^tonante dans les moteurs ^ explosion. Facteurs et incidences d’ordre physique 
et m^canique, P?/5. set. tech, ministhre air, 103. Etude experimentale de I'Allumage 
par Point chaud dans les Moteurs il Explosion, Puh. sci. tech, ministlre air, 115. 
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that are entailed in any subjective observation, the ear is the simplest 
indicator. 

Ricardo was the first to build an experimental engine with variable 
compression ratio and by means of this to determine through increase of 
the compression ratio the instant when knocking is initiated for each fuel 
(for data concerning Ricardo^s experimental engine, cf. H.R. Ricardo, 
cited page 507). The highest useful compression ratio (HUCR) deter- 
mined in this manner is not only specific for the engine used (another 
ratio results for other engines), but even with the same engine it depends 
to a considerable extent on the condition of the engine. For that reason, 
all conditions of operation like rpm, temperature of the cooling water, 
preheating of mixture, time of ignition, and carburetor adjustment must 
be accurately fixed. Even then it is difficult to obtain absolute values 
independent of the momentary condition of the engine. Instead of 
being expressed by means of a quantity relative to the engine (compres- 
sion ratio), as a rule the knock quality of a fuel is nowadays expressed 
in terms of comparison with a mixture of two standard fuels which yields 
under equal conditions in the same engine equally strong knocking. 
Accidental influences of the engine are thus to a large extent excluded. 

Following the suggestion by Edgar, ^ n-heptane and iso-octane have 
been accepted, n-heptane has a very low and iso-octane‘'^ a very high 
knock resistance. Both are easily obtainable in pure form and have, 
besides, similar physical characteristics, especially almost identical boiling 
points (n-heptane 98.4; iso-octane 99.3°), so that no differences may 
enter into engine operation from that source. The octane number of a 
fuel is that iso-octane content (in per cent by volume) of an n-heptane- 
iso-octane mixture which shows the same knock behavior as the fuel 
being investigated, determined under standard conditions in a standard- 
ized test engine. 

The CFR engine of the American Cooperative Fuel Research Com- 
mittee is usually employed as the test engine; lately the IG testing engine* 
has also been used. The CFR engine has a displacement of 610 cm*, and 
its compression ratio can be continuously varied from 4 to 12 during opera- 
tion. The CFR method is applied in various ways which differ by the 
prescribed conditions of operation. The original research method had 

^ Edgar, G., Ind. Eng. Chem., 19 , 145 (1927). 

CH, CH, 

2,2,4-Trimethyl pentane, HsC-i — CHa — luH — CH* 

in, 

*For more detailed data, cf. W. Giessmann, Z. Ver. deut. Ing., 80 , 833 (1936); 
also J.M. Campbell, and A. Boyd, “The Science of Petroleum,” Vol. IV, pp. 3056^.; 
also Nash and Howes, “The Principles of Motor Fuel Preparation and Application.’ 
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the most lenient conditions: temperature of cooling water 100®C, no 
preheating of mixture, 600 rpm. The CFR engine method, revised in the 
interest of better agreement with the results of practical engine operation, 
operates with 900 rpm, the same cooling-water temperature, but mixture 
preheating to 149°C. There are other, modifications, but we shall not 
go into them here. In the CFR engine, the ‘‘bouncing-pin'^ indicator 
indicates knocking; it is a pin fastened to a membrane set in motion by 
the shock of knocking. The membrane is connected with the combus- 
tion chamber of the engine, and the whole instrument is so adjusted as 
not to react to normal combustion pressure. The bouncing pin closes 
two contacts at the upper end of the indicator, and a current flows 
through a system of resistance wires. The temperature of these wires 
is measured with a thermo-element and serves as a measurement for 
the knocking strength, not as absolute measure but as a relative measure 
for the adjustment of the fuel to be compared with the same reference 
fuel of the same knocking strength. If the knock behavior of all fuels did 
not change in the same manner under different conditions of operation, 
the knock value of a fuel would not depend on thc' assumed operating 
conditions. Since in reality it is so dependent, it follows that different 
fuels can be very differently influenced. 

As a clue for the relation between octane number and compression 
ratio in initial knocking, wliich, because it is a physical datum, is of 
greater interest here than the technically more important octane rating, 
we give in Fig. 261 the compression ratios for iso-octane -heptane mix- 
ture, obtained by thc more exacting CFR method (data according to 
Campbell and Boyd). Thc original research method, in terms of which 
many measurements that we shall have to use later arc stated, results in 
compression ratios about one unit smaller with lower octane ratings. 

An absolute measure would be desirable for characterizing the 
behnvior of individual fuels. To a certain extent, the critical compres- 
sion ratio furnishes it, for (aside from cooling losses) it permits a calcula- 
tion of compression pressure and temperature at which knocking starts 
and thus permits the establishing of relations to otherwise known charac- 
teristics of hydrocarbons. Since, however, it depends on the specifically 
chosen engines as well as on the conditions of operation (temperature of 
cooling water and thus cylinder temperature, suction temperature, 
rpm, and suction pressure — atmospheric air pressure — moisture content), 
such data are never directly transferable to another engine. 

Even the CFR engine method does not represent an ideal procedure 
for the determination of knock characteristics, but it has to a certain 
extent satisfied practical requirements for the standardization of fuels. 

Note in the graph (Fig. 261) of the critical compression ratios of 
heptane-iso-octane mixtures that, in the small octane numbers, increase 
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in critical compression ratio for the unit of the octane number is much 
smaller than for high octane numbers. Measured in critical compression 
ratio, octane numbers do not represent a uniform scale, and the gain in 
knock resistance in the octane calibration 90 to 100 is several times that 
in the 0 to 10 bracket. Campbell et al.^ also state critical compression 
ratios for a number of other fuel mixtures. In their data, it is notable 
that the increase of the critical compression ratio of n-heptane by the 
addition of a certain moderately large quantity of another more knock 
resisting fuel is not always proportional to the knock resistance of this fuel 
in pure form; e.g., according to these figures, pure alcohol is less knock 
resisting than benzol, but nevertheless 20 per cent alcohol increases the 



/Kompressionsvcrhiilinis fiir hegiiinendes Klopfcn = compression ratio for beginning knockingX 
\ Han del sben zinc = commercial gasolines J 

Fio. 201. — Compression ratio for beginning knocking for n-heptanc-iso-octano mixtures. 
{From Campbell and Boyd, CFR Engine Method, p. 527.) 


critical compression ratio more than 20 per cent benzol. Presupposing 
that the rule of mixture holds true — which is not quite so — we could 
calculate from the octane number of the mixture a ‘‘mixture octane 
number” for the added substance, which in tliis case would, of course, 
be greater for alcohol than for benzol (and for both less than 100, at 
least under the research method). The peculiarities of individual fuels in 
mixtures will be taken up in detail later. 

It is generally known that, by a small addition of certain, substances, 
antiknock compounds, knock behavior can be essentially improved. 
This fact is of just as great practical importance as it is for the theoretical 
understanding of the phenomena. The influence of the antiknock 
substances, whose most typical and effective representative is lead 
tetraethyl,^ depends essentially on the nature of the fuel to which they are 
added; their effectiveness does not increase with increasing addition but 
beyond a certain point yields only diminishing returns. That too is of 
fundamental importance. 


1 Campbell, Lovell, and Boyd, SAE J.j 26, 163 (1930). 
* C/. Midgley, T., Jr., cited p. 502. 
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Metal compounds like Pb(eth )4 and Fe(CO)6, if used as knock 
preventives, can have added undesirable effects on engine operation 
which can be overcome to a certain extent. For this, reference is made 
to the literature in question.^ 

6. Processes Preceding Knocking.^: — Almost all experiments and 
theoretical considerations support the fact that the pre-reaction of the 
unbumed gases is decisive. Experiments in engines show this most 
directly. There are two methods for gaining an insight into what occurs 
in the unburned gas after compression. Through special valves installed 
in engines for this purpose, samples from the cylinder can be withdrawn 
at certain times, and their compositions can be determined by analysis. 
The advantage of this method consists in the fact that as a matter of 
principle any substance that forms can actually be detected. The 
disadvantage is that the samples obtained may be different from those 
present in the cylinder and that, when the flame is progressing, it is 
difficult to take a sample consisting exclusively of unburned mixture. 

The second method — proof of reaction products b}" their absorption 
spectra made possible even during operation through a special window — 
has the advantage that no interference with the course of the reaction 
takes place and that the spectrum can be studied in a part of the chamber 
which the flame has not yet reached and at an exactly defined time. 
The disadvantage, of course, is that only su(‘.h substances can be deter- 
mined which show characteristic absorption spe(5tra with sufficient 
clarity in an easily accessible spectral region. Actually only formalde- 
hyde has been proved in this manner to exist in an engine, but even this 
suffices for certain conclusions. 

Of the material that deals with the analysis of gas samples from the 
cylinder, we want to discuss especially that of Egerton, Smith, and 
Ubbelohde^ because it is the latest and the most reliable. 

Egerton, Smith, and Ubbelohde carried on a very careful investiga- 
tion of the combustion process in the engine itself. For this purpose, 
a Delco knock-testing engine of 76 mm bore and 127 mm stroke was 
especially prepared. At the side of the cylinder head away from the 

1 Nash, A.W., and D.A. Howes, “The Principles of Motor Fuel Preparation and 
Application,” Ix)ndon, 1935. 

* Cf. also Pkletiek, L.A., B.G. van IIoogstraten, J. Smittenbeiig, and P.L. 
Kooyman, Chaleur et ind.^ January, 1939; also the papers of A. Egerton as well as 
by Broeze, van Driel, and Peletier, read at the Convention of the Gennan Academy 
for Aeronautical Research, Berlin, 1939. Peletier and his collaboraters have furnished 
direct proof that slow hydrocarbon combustion and knocking reaction are the same 
chemical process by demonstrating the processes corresponding to cold flames in an 
engine. 

3 Egerton, A., F. Smith, and A.R. Ubbelohde, Phil. Tram. Roy. Soc. London, 
234 , 433-521 (1935); bibliography ibid. 
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spark plug, a threaded hole for the bouncing-pin indicator was provided 
at a distance of 89 mm from the spark plug. Into this hole a sampling 
valve was inserted, especially constructed and similar to the one used 
by Withrow, Lovell, and Boyd.^ The sampling valve was water-cooled 
so as to preclude further reaction of the gas sample in it. The cooling- 
water exit temperature was held to 40°C to avoid as much as possible a 
condensation of reaction products. The valve lift amounted to only 
0.0025 mm. For details of the valve manipulation, we must refer to 
the original source. A gas quantity of only 0.27 cm® was taken per engine 
revolution. The duration of valve opening varied between 10° and 15° of 
crank angle in the early stage of compression and in a later stage of 
expansion up to approximately 2° of crank angle at the instant of maxi- 
mum pressure, corresponding to an opening of the valve of Hsoo sec 
at 600 rpm. Through the utilization of such brief openings of the valve, 
it was possible to take samples at exactly determined times of the cycle. 
Earlier detailed analyses of gas samples had been made only by Lovell, 
Coleman, and Boyd;^ but, since the opening of the valve had been too 
long, no definite conclusions were obtained. Withrow, Lovell, and 
Boyd used a valve® giving much shorter openings, but only oxygen con- 
sumption was analyzed. 

Table 106 gives the C and II content of tluj benzene or benzol used 
by Egerton. Furthermore Shell gasoline No. 1 with 8 cm® ethyl fluid 
per gallon, 4.4 cm® Pb(eth )4 per English gal, or 1 per cent, was 
used. Ethyl fluid is a mixture of about 35 per cent ethylene dibromide; 


Table 106. — Composition op the Fuels Investigated by Egerton 



Shell No. 1 
% by weight 

Benzol 

Carbon 

85.68 

91.30 

Hydrogen 

14.32 

8.70 


the latter serves to remove lead in the form of volatile lead bromide 
from the engine so that it causes no trouble, especially on the exhaust 
valves, in the form of metal or oxide. Each fuel was investigated with 
four different throttle openings with constant rpm and ignition. With 
gasoline No. 1, a wide range of operational conditions resulted: 

Throttle opening: 


6° No knocking 

73^2° Slight, occasional knocking 

9® Regular, moderate knocking 

10}4,° Extraordinarily heavy knocking 


^ Withrow, L., Lovell, and Boyd, Ind. Eng. Chem., 22, 945 (1930). 

* Lovell, Coleman, and Boyd, Ind. Eng. Chem., 19, 373 (1927). 

* Withrow, Lovell, and Boyd, Ind. Eng. Chem., 22, 945 (1930). 
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For each throttle opening and each fuel, the mixture composition was 
adjusted to maximum performance. The measured performance is 
shown in Table 107. 

As long as the engine does not knock, the performances with different 
fuels differ but little. With heavy knocking, a considerable decrease 
occurs in Shell gasoline without lead. In each case at different times, 
gas samples were taken under the same operating conditions; these were 
first analyzed for CO, CO 2 , and O 2 . Some samples were also analyzed 
for H 2 , and between 0.7 and 2.4 per cent hydrogen was determined. 
For the values themselves, we must refer to the original; but we shall 
give here some data that are important for the comparison between the 
individual fuels, namely, the ^inclination of the oxygen curves, z.e., 
the percental decrease of the oxygen content (in reference to the entire 
gas quantity) per degree of crank angle, and thus a measurement for 
the speed of conversion (Table 108). 


Table 107. — Output with Various Furls and Throttle Positions 
(From Egkrton, Smith, and Upbelohde) 


Throttle opening 

Shell No. 1, 

Shell No. 1 + lead, 

Benzol, 

degree 

watts 

watts 

watts 

6 

204 

205 

207 

7}4 

281 

286 

290 

9 

335 

340 

345 

lOH 

352 

399 

400 

Table 108. — Slope of the Oxygen (hrnvEs (From J^]geuton; 

: cf . THE Text) 

Throttle opening 

Slope of the oxygen eurve for 

degree 

Shell 

Shell + lead 

Benzol 

6 

0.616 

0.616 

0.600 

7y2 

0.848 

0.848 

0.800 

9 

1.167 

1.120 

1.037 

lOH 

1.930 

1.170 

1.073 


It is noticeable that the inclination in the case of benzol is consistently 
somewhat less than with other mixtures. With pure Shell gasoline and 
heavy knocking, it is especially great. Withrow, Lovell, and Boyd 
(quoted page 540) had found that the oxygen content decreased rapidly 
with heavy knocking. The ratio 

Inclination of the oxygen curve for p ure Shell gasoli ne 

Inclination of the oxygen curve for Shell gasoline + lead 
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is especially revealing for this: 


Throttle Adjustment Ratio Above 

6® (no knocking with Shell) 1.00 

73^® (slight, occasional knocking) 1.00 

9® (continuous, moderate knocking) 1.04 

lOK® (extraordinarily heavy knocking) 1.65 


Egerton and his collaborators tried to calculate from these data 
approximate values for the average flame velocity, which rises from about 
5.81 m/sec at 6° throttle adjustment to about 10 m/sec at and 

which is about 10 per cent greater for knocking Shell gasoline than for 
Shell with lead or benzol but, at any rate, does not change to any con- 
siderable extent, thus confirming other results.^ 

The analyses for aldehydes and peroxides are even more interesting 
than the above results, since they refer not to final reaction products but 
rather to intermediate products, which are more likely to permit con- 
clusions concerning the mechanism of reaction. In order to obtain useful 
analysis values quickly, drops of the individual reagents must be exposed 
under standard conditions to the stream of gas. The time necessary 
for producing the reaction serves as a measure for the concentration. 
For the details of the method, we refer to the original. To demonstrate 
the presence of aldehydes, Schiff^s reagent was used; for peroxide, a 
solution of potassium iodide, hydrochloric acid, and starch in distilled 
water. Sensitivity was standardized in a suitable manner. The 
conclusions that Egerton and collaborators draw are as follows: 

1. A certain combustion takes place in the knocking zone before 
the flame reaches the sampling valve. 

2. In this precoml)Ustion, aldehydes form up to a concentration of 
about 1 in 1 50, at the moment when the flame reaches the valve. 

3. Peroxide-like substances were formed in a concentration of up to 
1 in 10,000 ; they seemed to disappear before the flame reaches the valve. 

4. The concentration of these peroxides increases with increasing 
knocking. 

5. Benzol apparently produced no such peroxides. 

6. Pb(eth )4 decreases the formation of aldehydes and peroxides, an 
indication that it slows down pre-reaction. 

7. Addition of aldehydes (up to 10 per cent acetaldehydes) ^ does not 
increase the peroxide concentration or the knock tendency; hydrogen 
behaved in the same way. 

These investigations were discussed in detail because they show 
the possibilities and limitations of a direct analysis of the combustion 

^ Cf, Withrow and Boyd, Ind. Eng. Chem,, 23, 639 (1931). Schnauffer, Z. Ver. 
deni. Ing., 76, 455 (1931). 

* In higher concentrations (20 per cent), an increase in knocking occurs. 
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process in the engine and because they are methodologically of basic 
importance. 

More detailed investigations concerning the nature of the occurring 
peroxides {cf. the original publication for particulars) yield the following 
results: The peroxides found consist for the most part of NO2. The 
maximum values in the curves are due to two conditions: the presence 
of small quantities of sulphur compounds which form SO2 and prevent 
the separation of iodine in the droplets; and the deficiency of oxygen 
in the burned gases so that it cannot react with NO, into which NO2 is 
decomposed in the flame. Finally NO2 is also removed by the vapors 
of unsaturated compounds. NO2 forms very clearly and early, when the 
average gas temperatures are still quite low so that possibly the proximity 
of the hot exhaust valves is responsible for its formation.^ In addition, 
the participants in the reaction must affect its inception. On the whole, 
the presence of NO2 seems to be of only secondary importance in knock- 
ing. Organic nitrites, to be sure, have the tendency to cause knocking, 
but nitrogen dioxide itself does not. 

It seems that higher aldehydes, if they occur, are very quickly dis- 
integrated into formaldehyde; this agrees with earlier experiments.* 
The results of Egerton are essentially in agreement with the spectroscopic 
results of Ilassweiler and Withrow, namely, that formaldehyde is formed 
during pre-reaction. To be sure, Rassweiler and Withrow find appre- 
ciable quantities of formaldehyde only in knocking combustion; whereas 
Egerton and collaborators prove aldehydes also at other times, only, to 
be sure, in small concentrations. It is certain that formaldehyde occurs 
with knocking combustion in especially high concentration without 
being itself responsible for the knocking. 

That aldehydes as su(;h are not responsible for knocking was again 
investigated’^ in an arrangement that permitted operation of the engine 
on every second cycle. Samples for analysis could thus be taken with 
as well as Avithout ignition. Formaldehyde and higher aldehydes were 
analyzed separately. Aldehydes occurred even in the cycle without 
ignition, although in smaller concentration. The concentration reached 
in the aldehydes lay mostly between 10“® and 10“'* (molar fraction, 
referred to the entire mixture in the cylinder). Benzol yielded especially 
few aldehydes, iso-octane only little formaldehyde but mainly higher 
aldehydes. 

^ Probably we are dealing with a catalytic reaction, for gold-plating of the exhaust 
valve decreased the NO 2 concentration (Ubbelohde, Drink water, and Egerton, 
c/. p. 543), 

* Egerton, A., and L.M. Pidgeon, Proc. Roy. Soc. London^ A, 142 , 26 (1933). 

* Ubbelohde, A.R., J.W. Drinkwater, and A. Egerton, Proc. Roy. Soc. London, 
A, 168 , 103 (1936). 
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If 10 per cent acetaldehyde is added to benzene, no noticeable knock- 
ing occurs; 0.005 per cent acetyl peroxide causes knocking in the fuel, 
but with 10 per cent acetaldehyde apparently less than 0.005 per cent 
acetyl peroxide is formed. For knocking, the acetaldehyde portion in 
the combustion chamber would have to amount to more than 4.10‘~®. 
The engine could be operated on pure formaldehyde (in contrast to 
acetaldehyde) without knocking. The aldehydes formed in the engine 
are therefore by no means the reason for knocking and the occurrence of 
peroxides. Hardly any relationship exists, either, between formation of 
aldehydes and knock tendency of a hydrocarbon. 

The preceding investigations are of special importance with regard 
to the so-called ^'peroxide theory of knocking.” Several authors, first 
Callendar^ and Moureu and Dufraisse, concluded that organic peroxides 
were responsible for knocking. The occasion for this was the proof 
of peroxide-like substances in the exhaust gases of engines and in experi- 
ments concerning slow oxidation of fuels. The theory in its original 
form (namely, that easily decomposing organic peroxides are formed in 
such concentrations that their explosion decomposition causes the knock- 
ing) was pretty well discredited on the basis of general reaction-kinetic 
experiences. The theory in its later form, however (namely, that 
peroxide-like intermediate products occur in the course of a chain reac- 
tion, leading perhaps to a chain-branching) has much in its favor; cf. 
the preceding chapter, pages 488jf. To be sure, according to Egerton, 
it is not possible to give analyses from the engine itself as proof of this. 
This should not be surprising, for it must be said that it is fundamentally 
very improbable that active intermediate products of a reaction can be 
proved analytically afterward in noticeable concentration. The fact 
that an intermediate product is highly active in general precludes a 
lengthy existence, just as, vice versa, a long existence (^.c., proof in the 
reaction products in greater c.oncentration) permits the assumption that 
these compounds have not been active as intermediate products in 
reaction. 

From general experiences with the mechanism of hydrocarbon 
combustion, there is no doubt of the fact that knocking is a chain reaction 
that can be greatly accelerated by certain additions as well as prevented 
by the antiknock substances. Experiences in engines, too, can hardly 
be interpreted differently. To the former substances belong organic 
nitrites (amyl nitrite), ozone, and alkyl peroxide. ^ These, in very small 

^ Callendar, Engineering, 123 , 147, 182, 210 (1927). Moureu and Dufraisse, 
Compt, rend., 184 , 29 (1927). Moureu, Dufraisse, and Chaux, Ann. office not. dee 
combust. Uquides, 2 , 253 (1927). 

* Callendar, H.L., Engineering, 123 , 147, 182, 210 (1927). Holmes, M., Nature, 
133 , 179 (1934). Brooks, D.B., J. Ind. Petroleum Tech., 19 , 835 (1933). 
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concentrations,^ even as low as l%o> can increase knocking in concentra- 
tions which in the case of antiknock substances like Pb(eth )4 suppress it.^ 
Ubbelohde and Egerton^ undertook to investigate in detail the 
course of organic peroxides in knocking. The following are the types of 
peroxides^ which enter into consideration : 


R— 0 — 0 — H 
R— O— O— R 
CH 2 OTT— O— 0— CH2()H 
R— O— O— CHaOH 
R— O— O— C^llOIl— R 
R— (^IK )ll— ( )— ( )— CHOH— R 
0— OH 

/ 

R 

\ 

0 

R— TIC— CPT— R 


alkyl hydroperoxide 
dialkyl peroxide 
dihydroxy alk.yl peroxide 
monohydroxy alkyl peroxide 
dialkyl monohydroxy peroxide 
dialkyl hydroperoxide 

acyl peroxide (peracid) 

alkylidene peroxide 


x\s representatives of this group, the following substances were 
prodiKHid: diethyl peroxide, monocthyl hydrogen peroxide, hydroxy 
methyl acetyl j^eroxide, a(;etyl peroxide, and amylene peroxide. The 
analytical proof of these peroxides was carefully investigated; for details 
we refer to the original. 

The fact that organic peroxides are effective knockers” had been 
pointed out previously by various authors.^ Recause of the quantities 
necessary for exact measurements of these substances, experiments were 
made by spraying peroxidic products in gasoline solution into the suction 
air of the engine during operation of the test engine with Shell gasoline. 

The results are contained in Table 109. Diethyl peroxide seems to 
be an even more effective proknock substance than amyl nitrite, and 
approximately 2 per cent is necessary for the same effect that 30 per cent 
ether produces. Acetaldehyde was again ineffective. When the same 
experiments were made with the engine running on ethyl gasoline, 
1.5 per cent (C 2 Hb )202 produced no audible effect, although the number 

1 Referring to fuel quantity. 

2 M 1 DGLEY, T., Jr., Irid. Eng. Chem., 16, 890 (1924). Egerton, A.C., Nature, 
119, 427 (1927). Taylor, H.S., Nature, 119, 746 (1927). 

3 Ubbelohde, A.R., and A.C, Egerton, Phil. Trans. Roy. Soc. London, 234, 433 
(1935). 

*C/. in this connection Riechc, A., “ Alkylpcroxyde und Ozonide,’^ Dresden and 
Leipzig, 1931. 

® Egerton, A., and A.R. Ubbelohde, Nature, 133, 179 (1934). 
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of revolutions fell off by 10. Apparently the proknock influence of 
peroxide and the antiknock influence of the lead approximately con- 
pensate for each other. 


Table 109. — Influence of Atomized Gasoline-peroxide Mixtures in the Intake 
Air on the Knocking Behavior of a Test Engine (From Ubbelohde 

and Egerton) 


Atomized mixture 

Influence on 
the number of 
revolutions 

Influence on knocking 

Gasoline alone 

-10 

Reduces the knocking 

30% (C 2 H 5)202 in gasoline 

— 

Intensive knocking; stopped the 
engine 

6 % (C 2 H 6)202 in gasoline 

-25 

Violent knocking 

3% ( 02115)202 in gasoline 

-25 j 

Strong knocking 

1.5% ( 02115)202 in gasoline 

-15 

Noticeable increase in knocking 

30% Ethvl ether in gasoline 

-20 

Same effect as about 2 % (C 2 H 2 ) 2 O 2 

3.4% Amyl nitrite in gasoline. . . . 

-20 

Same effect as 30% ethyl ether 

0.5% Amyl nitrite in gasoline. , . . 

— 

No effect 

30% OH 3 OIIO in gasoline 

-10 

Reduces the knocking 


Strong perhydrol (with 30 per cent II 2 O 2 ), when sprayed into the 
suction air, also had the tendency to increase knocking. An estimate 
of the maximum molar fraction was about 6- 10“^. 

In comparison with this, diethyl peroxide, sprayed in a 1 per cent 
solution, results in distinct knocking when the molar fraction concentra- 
tion is only about This estimate agrees with the result that 

the engine, when operating on gasoline with 0.1 per cent diethyl peroxide, 
shows a decided increase in knocking. Alkyl peroxide is therefore about 
forty times more effective than H 2 O 2 . 

From this, it follows that it is useless to try to test for peroxide in 
engines with the usual reagents, since the peroxide concentration neces- 
sary for knocking lies mostly below the threshold of sensitivitj’^ of these 
reagents. The results of the following table show the effect of the addi- 
tions on various fuels, pure cyclohexane and ethyl gasoline. 

It is very clear then that lead tetraethyl counteracts the peroxides. 
Acetaldehyde does not cause knocking, as we have already seen, unless 
it contains acetyl peroxide. Butyraldehyde peroxide and amylene perox- 
ide do not seem to be effective proknock agents. 

The susceptibility of the knocking quality of fuels to proknock agents 
is very variable, according to the nature of the fuel. Addition of 14 
per cent amyl nitrite (corresponding to a molar fraction of 2 • 10~^ in 
the cylinder gases) produced loud knocking in gasoline, hexane, and 
amylene. In the case of cyclohexane (with readjusted throttle), heavy 
knocking, with benzol, ethanol, and acetone, only a slight influence was 
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Table 110 . — Influence of Atomized Solutions of Various Materials in the 
Intake Air on the Knocking Behavior of Two Different Fuels 
(From Ubbelohde and Egerton) 


i 

Fuel • 

Atomized solution 

Throttle 

position 

Effect on 
number of 
revolutions 

Effect on knocking 

Cyclohexane 

— 

— 

— 

No knocking 

Cyclohexane 

3% Diethyl peroxide 

I — 

-20 

Loud knocking 

Cyclohexane 

3% Amyl nitrite 

— 

-16 4- 20 

Loud knocking (some- 
what less) 

Ethyl gasoline 

-- 

9 

— 

No knocking 

Ethyl gasoline 

3% Diethyl peroxide 

9 

-15 ^ 20 

Occasional very light 
knocking 

Ethyl gasoline 

3% Amyl nitrite 

9 

i 

-15 20 

Occasional light 
knocking 

Ethyl gasoline 


1034 

-10 

No, or very light, 
knocking 

Ethyl gasoline 

3% Diethyl peroxide 

1034 

-10 

Continued moderate 
knocking 

Ethyl gasoline 

3% Amyl nitrite 

mi 

-10 

(■ontinued moderate 
knocking (somewhat 
stronger) 


produced, or none at all. The difference in sensitivity may point to a 
difference in the length of the occurring reaction chains; cf. pages 553 jf. 

Furthermore, an attempt was made with improved methods to deter- 
mine organic peroxides in the engine in addition to N() 2 . It was success- 
fully shown that actually small quantities of organic peroxides were 
present in the unburned gases just before knocking started, in concentra- 
tions corresponding to the added peroxides under artificial induction of 
knocking. Thus it is shown that no experimental findings oppose a 
reasonable peroxide theory of knocking, in which peroxide-like substances 
are assumed as unstable intermediate products. On the contrary, this 
assumption is very probable. 

7. Investigations on Antiknock Substances. — Egerton and Smith^ 
have also investigated the influence of antiknock substances. It was 
already well known^ that undecomposed Pb(eth)4 docs not inhibit 
carbon combustion but even promotes it under certain circumstances. 
When the Pb(eth )4 was first decomposed or oxidized at about 300°, 
however, it hindered oxidation. These observations do not contradict 
the antiknock property of Pb(eth) 4 , which, with a few exceptions, had 

^ Egerton, A., and F.L. Smith, quoted p. 540 and pp. 517^. 

* Maxwell, G.B., and R.V. Wheeler, Ind. Eng. Chem.j 20, 1041 (1928); cf. 
also p. 498. Egerton, A.C., and L.M. Pidgeon, J. Chem. Soc.^ 1932, pp. 661, 676; 
cf. also Lorentzen, Z. angew. Chem.y 44, 131 (1931). 
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been observed generally; for in the engine the temperature conditions 
toward the end of the compression stroke are always such that Pb(eth)4 
can decompose. 

BerP had found that atomized metal as well as colloidal lead added 
to the fuel slows down oxidation but that colloidal lead oxide does not. 
The discrepancy between this and other findings, according to which lead 
is effective in the presence of oxygen, might be explained by the degree 
of dispersion of the colloids used. 

Egerton and Gates^ had already found earlier that the vapors of 
potassium and thallium are very effective in raising the flash point of 
gasoline. These investigations were extended. For this purpose, in 
place of a sampling valve, an additional inlet valve was installed in the 
engine, through which various vapors, either in a nitrogen or an air 
stream, could be injected into the engine. The metals were kept in a 
heated metal container, through which the gas was drawn by suction. 
In these experiments, it Avas found that potassium and thallium vapors are 
extremely effective in the suppression of knocking. 

Potassium was injected in a nitrogen stream. Thallium was also 
at first conveyed in a nitrogen stream, but in so doing only a slight anti- 
knock effect was noticed, which increased enormously when 15 per cent 
air was mixed with the nitrogen.^ In this case, thallium was found eleven 
times more effective than the same quantity by weight of tetraethyl 
lead. Potassium was about four times more effective than the same 
quantity by weight of lead. Since the vapor in contact with the hot air 
in the cylinder is certainly rapidly oxidized, the earlier conclusions of 
Egerton and Gates were corroborated, according to which an antiknock 
substance, in order to be effective, must be in a condition of incipient 
oxidation. The same method could not be used with metallic lead, 
because of its low vapor pressure. Selenium and tellurium were also 
found quite effective, selenium somewhat more so in an oxygen-containing 
gas than in nitrogen; tellurium was equally effective in both. Sodium, 
cadmium, zinc, iodine, and sulphur were found to be ineffective. It is 
especially striking that sodium is ineffective, in contrast to potassium. 
Iron carbonyl was effective only when introduced into the engine as 
such; when allowed to decompose previously, it was ineffective.'* Aniline 

* Berl, E., K. Heise, and K. Winnacker, Z. physik. Chem., Sec. A, 139 , 453 
(1928). Berl, E., and K. Winnacker, Z, physik. Chem.j Sec. A, 145 , 161 (1929); 
148 , 36, 261 (1930). 

* Egerton, A., and Gates, Kept. Aeronaut. Research Comm. London^ 1079 (1926). 

* Since oxygen is always present in the engine for the oxidation of metals, the 
effect of the oxygen in this case might consist of preventing the formation of larger 
droplets of metal. 

* That might again be connected with the degree of distribution of the decomposi- 
tion products. 
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was found to be one-thirtieth as effective as the same quantity by 
weight of Pb(eth)4. Ethyl iodide vapor was almost two-thirds as effec- 
tive as the same quantity by weight of aniline. It is strange that iodine 
is ineffective in view of the finding of Midgley,^ in whose fundamental 


Table 111. — Effectiveness of Various Additions as Antiknock Remedies 

(from Egerton) 




Relative 

No. of mols 
of combus- 
tible mix- 
ture to 1 
mol of ant i- 


Substance 

Method 

effectiveness 
on the basis 
of weight 

knock at. the 
same anti- 
knock effec- 
tiveness as 

1 cm' 
Pb(eth)4 
gallon 

Remarks 

licad or lead tetra- 
ethyl. 

Introduced as 
Pb(eth )4 with 
gasoline 

1 ™ 

305,000 

— 

Thalium (680"C).. 

Metal container 

1 1 times as effec- 
tive as l(iad 

3,950,000 

Introduced with 
air 

Potassium (200- 
400°). 

Metal container 

4 times as effex;- 
tive as lead 

275,000 

Introduced with 
nitrogen 

Selenium 

Metal container 

0.007 times as 
effective as lead 

74,300 

Little greater ef- 
fect in the pres- 
ence of O 2 than 
without 

Tellurium (580°).. 

Metal container 

0.014 times as 
eff(;ctive as lead 

0,300 

White precipi- 
tate (Te 02 ) 

Lead tetraethyl . . . 

U tube (in place 
of a metal con- 
tainer) 

Vg as effective as 
when intro- 

duced with gas- 
oline 

45,000 

Forms PbO at 
375°C 

Aniline 

U lube (in place 
of metal con- 
tainer) 

0.019 times as 
effective as lead 
0.031 times as 
effective as Pb- 

(eth)4 

3,170 


Ethyl iodide 

U tube (in place 
of metal con- 
tainer) 

0.012 times as 
effective as lead 
0.017 times as 
effective as Pb- 
; (eth)4 

3,150 



Ineffective: Na, Cd, Zn, I2, and Sn. 


* Midgley, T., Jr., Ind. Eng. Chem.y 14 , 894 (1922). 
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investigations concerning antiknock substances iodine was about the 
first to be found, but it is in agreement with earlier experiments by 
Egerton and Gates. ^ 

The conclusions of this investigation agree with those arrived at earlier 
by Egerton: ( 1 ) that the antiknock substance must be oxidized, ( 2 ) that 
it must be present as molecularly dispersed as possible, and ( 3 ) that it 
should be capable of existence in several stages of oxidation. It cor- 
responds to this, that several oxides, stable even in higher temperatures, 
are known of lead, thallium, and even of potassium (K2O4 and K2O8), 
but not of sodium. 

As was shown in part in the preceding chapter, many parallels exist 
between ignition behavior and knock behavior of substances that are 
useless for quantitative data, however, because (especially when the 
determination of the ignition point is done in such a manner as to let 
the fuel drip into an aerated, heated vessel) the influences of the walls 
are very strong and the pressure conditions deviate radically from those 
in the engine.^ Thus, under certain circumstances, observations may 
result that are contradictory even qualitatively; e.gf., diethyl peroxide 
raises the flash point of hexane instead of lowering it; NO2 lowers the 
ignition point of hydrocarbons without having any marked influence 
on knocking; aldehydes can lower the ignition point of hydrocarbons 


Effectiveness as Proknock Substance (in Concentration of 10”^) and Chemical 
Structure (From A.R. Ubbelohde) 

Effective Not Effective 


R— o4-0— R 
r~o4-oh 


RCH— CH. 


HO-j-OH 


RC 


^O-fOH 


RCH(0H)0-f0H 

RO-fNO 

R04-N0a 


RCH—CO 


CHa— NO 2 


CoHa-NOz 


^ E]gerton, a., and Gates, J. Inst. Petroleum Tech.^ 13 , 244 (1927). 

* This is partly true even for the very interesting and careful measurements of 
Townend and collaborators. 

For this reason, it will never be possible to classify fuels absolutely with an igni- 
tion value tester (as in Jentzsch’s attempts), even if the phenomena observed are inter- 
esting in detail and may be of practical use with careful evaluation. 
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without essentially influencing knocking; selenium has a stronger effect 
in raising the ignition point of gasoline than Pb(eth )4 while exerting only 
a slight antiknock influence. 

Ubbelohde^ points out that all such peroxides and similar substances 
(nitrites) have a knock-inducing effect that can fall into two fractions 
at an 0 — 0 or an 0 — N bond, although substances where that is not 
possible do not induce knocking, either. This would again be a con- 
firmation of the assumption that knocking is a chain reaction taking 
place in the unburned mixtures. Substances of the type of ethylene 
oxide are therefore ineffective. 

8. Spectroscopic Investigations in Engines. — For the photographing 
of absorption spectra, Rassweiler and Withrow® used a test engine with 
two quartz windows opposite each other (but removed from the spark 
plug) through which the light of a continual source (tungsten-filament 
light or underwater spark) penetrated. The knocking zone was espe- 
cially observed, i.e,j a place that was located only 0.18 cm from the wall 
but removed from the spark plug. 

From the pictures, it is clear that it is possible to identify formalde- 
hyde. From this, an iritercisting number of facts result: When the engine 
does not knock, no formaldehyde is detected; on the other hand, the 
absorption ascribed to formaldehyde increases with increasing knocking. 
It makes no difference how the knocking is caused, by changing the compo- 
sition of the mixture, especially making an over-rich mixture lean; by 
advancing the spark; by preheating the mixture; or by decreasing the 
rpm. Thus formation of formaldehyde and, simultaneously, knocking 
are favored first by producing a mixture that is more capable of reaction, 
second by a rise in temperature, and — in the other cases — by prolonging 
the available time (which is almost a trivial cause). It should by no 
means be concluded that the formaldehyde is the compound responsible 
for knocking; but what follows with certainty is that knocking occurs 
only when a certain pre-reaction, in which formaldehyde is possibly only 
a by-product, has taken place in the compressed mixture. The fact 
that there may be conditions in which formaldehyde is present but no 
knocking occurs is in favor of this assumption. 

Results obtained with additions that induce or suppress knocking 
are also very striking. If knocking is induced by the addition of iso- 
propyl nitrite, formaldehyde occurs especially distinctly; if knocking 
is suppressed by the addition of aniline, formaldehyde concentration 
is reduced; but, when knocking is suppressed by the addition of Pb(eth) 4 , 
a noticeable quantity of formaldehyde still is in evidence. 

1 Ubbelohde, A.R., Z. Elektrochem.y 42, 468 (1936). 

* Withrow, L., and Rassweiler, G.M., Ind. Eng. Chem.y 25, 923, 1359 (1933); 
26, 1256 (1934); 27, 872 (1935). 
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On the whole, these experiments show that knocking is very closely 
connected with pre-reactions but that the process should by no means 
be thought of as a simple one, that especially the occurring formaldehyde 
could be a good reagent for the pre-reaction but that it is not to be 
regarded as the agent originating knocking. 

The same authors have made a further careful investigation of the 
effect of Pb(eth )4 on absorption in front of the flame front in the engine.^ 
The following results should be emphasized : When knocking is suppressed 
by Pb(eth) 4 , absorption of atomic lead, but not of lead oxide, is observed. 
The conclusion drawn by the authors that, with suppression of knocking, 
PbO is converted into Pb (^.c., has an oxidizing effect) does not sound 
quite (JOgent (because the absorption of molecules is usually much 
weaker than that of atoms) ; but it nevertheless does not sound improb- 
able. It is well known from experience that Pb(eth )4 is effective not as 
such but only after decomposition.” 

Furthermore they found that, even if the concentration of formalde- 
hyde is not decreased l)y Pi)(eth) 4 , the absorption is diminished below 
3000 A. Obviously tlie concentration of an absorbing compound is 
de(5reascd there; perhaj^s this compound plays a direct role in the knock- 
ing mechanism — in contrast to formaldehyde. In agreement with 
this is the fact that intentional addition of formaldehyde up to concentra- 
tions resulting in absorptions (comparable with those observed in knocking 
does not- cause knocking or an increase of continuous absorption below 
3000 A. This statement agreed essentially with Egerton^s investigations 
concerning the absorption of heated hydrocarbon and air mixtures,'^ in 
which a (continuous absorption on the part of organic aecids and peroxides 
was found, to be sure, mostly in short-wave ultraviolet. Their forma- 
tion did not take jjlace when Pb(eth )4 was added. 

Besides absorption spectra of the unburned gases, emission spectra 
of the burned gases also permit some conclusions. Cfliapters VII and XI 
give the necessary general observations to be made in this regard: In 
the normal flame of hydrocarbons, there occur especially the bands of 
CH-, CC-, and Oll-radicals. Rassweiler and Withrow^ had observed 
the following in earlier experiments: The intensity of the CH and C 2 
bands in the knocking zone is considerably decreased as compared with 
that observed in nonknocking combustion.^ If knocking is suppressed 

^ WiTJiHOw, L., and G.M. Rassweiler, Ind. Eng. Chem., 27, 872 (1935); also 
J. Applied Phys.^ 9 , 362 (1938). 

2 Ec;erton and Ubbelohde, quoted p. 539. 

® Egerton and Pidgeon, Proc. Roy. Soc. London^ A, 142 , 26 (1933); also Ubbe- 
lohde, quoted p. 399. 

^ Rassweiler and Withrow, Uid. Eng.j 23 , 769 (1931); 24 , 528 (1932). 

* It would be interesting to determine whether a connection exists between this 
phenomenon mnd the often observed reduction of intensity in the primary flame 
with knocking combustion; cf. p. 519. 
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by Pb(eth) 4 , the CH and CC bands are again emitted with normal 
intensity. The explanation originally given by Rassweiler and Withrow, 
that an increased use of C 2 and CH — ^approximately according to this 

C 2 + OH CO + CH CH + OH CO + H 2 

is responsible for the decrease of these bands, does not seem very plausible 
to us. It seems improbable in the first place because the course of these 
reactions may always be assumed while these radicals are present at all; 
and secondly because these radicals are probably emitted Avheii originated 
in an energj^-produciiig reaction, which is not influenced further by a 
subsequent use of these same radicals. It is therefore more correct to 
assume that the reactions leading to the formation of the radicals is 
already being influenced. 

As a summary of the results, we might state: Experiments all show 
that pre-reactions in the unburned-gas remainder cause knocking (c/. 
especially Pelctier and collaborators, quoted page 539). The exact 
nature of these reactions has to date not be en explained with absolute 
certainty; even tentative interpretations rt^qiiire evaluation of collateral 
experiences, especially of the material on hydrocarbon combustion 
collected in the preceding chapter. The juxtaposition of results gained by 
other means with experiences gained in knock testing is very instructive. 

9. Knock Behavior and Chemical Constitution.^ Reaction -kinetic 
Equations. — It is possible to n^gard the problem from a different stand- 
point. According to the previous statements and those still to be made, 
any mechanism assumed as leading to knocking must contain essentially 
hypothetical elements, simply because only a few of the many possible 
reactions have been investigated. It is natural to ask whether it is 
possible to arrive at more than obvious conclusions by using only the 
most reliable data. This question will now be considered. 

What can be assumed as generally reliable data? 

I. That knocking is connected with a pre-reaction of the unbumed 
mixture; this pre-reaction is responsible for the phenomena observed 
when it exceeds a certain critical limit. 

IT. That the pre-reaction in cpicstion is a chain reaction frequently 
with probably very long chains and with chain-branching with 
ramifications. 

That it must be a chain reaction follows from everything that has 
been said in the preceding chapter concerning hydrocarbon oxidation. 
Independent of this, however, it may be arrived at from observations 

^ In connection with the fuel problem of the Otto engine, cf. especially also the 
papers by H. Btitehsch, G.B. Bonino, G. Natta, F. Neugebauer, and M. Pier read at 
the Convention of the German Academy of Aeronautical Research, Berlin, 1939. 
published in Schriften deui. Akad, Luftfahrlf orach., 1939. 
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in engine operation: Reaction may be very much accelerated or deceler- 
ated by very small additions of certain substances. The great influ- 
ence of small quantities of additions (less than 1 part per thousand of 
the reacting substance) always presupposes that many reaction steps of 
the reacting substance are affected through one reaction step of the added 
substance. That is imaginable only in a chain reaction where an 
extended sequence of reaction steps can be induced or stopped by a 
single step. The engine data pertinent here are: first, the effect of the 
antiknock substances, which can be thought of only as chain-stopping; 
second, the opposite effect of the proknock substances like ozone, nitrites, 
and certain peroxides, and, according to Egerton and collaborators, 
certain compounds that decompose easily with cleavage of atoms, free 
radicals, or compounds especially capable of reaction. That these pro- 
knock substances are effective in just as small quantities as the antiknock 
ones speaks most clearly for the chain character of the reactions caused or 
suppressed by them. Report/S about compounds that are positively or 
negatively effective, and, according to what law, required special assump- 
tions concerning the character of the reactions that take place. Here 
too, however, a few quite general statements can be arrived at if the 
material concerning knock behavior of different hydrocarbons and the 
influence on them by additions is collected and clearly arranged. Investi- 
gations concerning the knock behavior of pure hydrocarbons as well as 
the influence on knocking by additions have been published by Ricardo^ 
and collaborators, Nash and Howes, ^ and other British investigators, 
also in a large number of publications of the General Motors Corporation 
laboratories,’ and by Boyd and collaborators. Of German investigations, 
those by Hofmann and collaborators may be mentioned.^ 

The results of individual authors, together with data concerning the 
method used, are given in Table 112. The oldest such measurements 
were made by Ricardo.® 

'Ricardo, II. R., “ Schnellaufende Verbrennungsmotoren,*^ Berlin, 1932. Pyb, 
“Brennkraftmaschinen,” translated by Dr. Ing. F. Wettstadt, Berlin, 1933. 

* Nasfi and Howes, “The Principles of Motor Fuel Preparation and Application,” 
London, 1934-1935. 

3 Campbell, J.M., W.G. Levell, and T.A. Boyd, SAE J., 26 , 163 (1930); Ind. 
Eng. Chem.., 23 , 26, 555 (1931); 26 , 1107 (1933); 26 , 475, 1105 (1934); 27 , 593 (1935). 

^Hofmann, Lang, Berlin, and A.W. Schmidt, Brennstoff-Chem., 13 , 161 (1932); 
14 , 103 (1933). Cf. also the papers read at the World Petroleum Conference, World 
Petroleum Congress Proc. II, 1933; especially the critical survey over mixed octane 
numbers by F.H. Garner, E.B. Evans, C.G. Sprake, and W.E.J. Brown, World Petro- 
leum Congress Proc. II, 1933, p. 170; also the summarizing work by W.G. Lovell and 
J.M. Ca,mpbell, “The Science of Petroleum,” Vol. IV, p. 3004, Oxford, 1938; also 
Chem, Rev.j 22 , 159 (1938). 

* Ricardo, H.R., quoted p. 554. 
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Boyd and collaborators determined critical compression ratios for a 
large number of pure hydrocarbons in a single cylinder with variable 
compression (Table 113). Critical compression ratios were determined 

Table 112 . — Critical Compression Ratios (c.c.r.) op Paraffins, Olefins, and 
Diolefins, as Well as the Raising of the c.c.r. by the Addition of 
OF Lead Tetraethyl (Absolute and Relative) (From Boyd and 

Associates) 

Method (cf. the Text) Is About Equivalent to the CFR Research Method 


Olefins and diolefins^ 

C.c.r. 

A c.c.r. 
with the 
addition 
of 1 cm* 
Pb(eth)4 
per gal 
(3.81) 

A% 

Paraffins 

c.c.r. 

Ac.o.r. 
with the 1 
addition 
of 1 cm* 
Pb(eth)4 
per gal 
(3.81) 

A% 


S.f) 




>15 




8 4 




14 0 



1-Pen tene 

5.8 

0 . 30 

5 2 


12.0 



2-Pen tene 

7.0 

0 . 50 

7. 1 


3.8 

0.50 






n-Pentanc 

3.8 

0.50 

1 13.1 

2-Methyl-2-butene 

7.0 

0.70 

10.0 


5.7 

0.95 

16.7 

£,S~Dtmethyl butadiene .... 

8.0 

0.10 

1.2 






0 0 

0. 10 

1.5 


3.3 

0.20 



4 8 

0.25 

5.2 


3.3 

0.20 

1 6. 1 

1-Hexene 

4 . 0 



n- Hexane 

3.3 

0.20 

) 

2-Hexenc 

5.4 


— 





1-Heptene 

3.7 

0.25 

6.8 

n-IIeptane 

2.8 

0.20 

!) 

3-Hept,enfl 

4.9 

0.80 

16.3 

n- Heptane 

2.8 

0.20 

1 

3-Et.hyl-2-pentfine 

G.G 

0.50 

7.6 

w-Heptane 

2.8 

0.20 

Ij 

2,2-Dirnethyl-4-pcntene. . . 

10.0 


8.0 

,3-Ethvl ijentane 

3.9 

0.20 

5.1 

2,4-Dimethyl-2-pentene. . . 

8.8 

— 


2, 4- Dimethyl pentane 

5.0 

0.80 

16.0 

2-Methyl-5-hexene 

4.7 

0.25 

5.3 

— 

— 

— 

17 1* 

3-Methyl-5-hexene 

5.0 

0.20 

4.0 

— 

— 

— 


2,2,3-Trimothyl-3-but(?ne . . 

12.6 

— 

— 

2,2,3-Triinethyl butane. . . 

13.0 

— 

— 

1-Octene 

3.4 

0.15 

4.4 

n-Octane 

2.61 

0.21 

~ 8* 

2,2,4-Triinethyl-3-pentene . 

10.0 

0.35 

3.5 

2,2,4-Trimethyl pentane. . 

7.7 

2.10 

1 27 3 

2,2,4-Trimethyl-4-pen ierio . 

11.3 

0.25 

2.2 

2,2,4-Trimethyl pentane. . 

7.7 

2. 10 


Relative increase of the critical compression 


2,7-Dimethyl octane 

3.3 

0.20 

6.1 

ratio by addition of 1 cm* of lead tct.ra- 


3,4-Diethyl hexane 

3.9 

0.30 

7.7 

ethyl per gallon on the average 


5.9 




10.9 


1 Dioltjfin in italics. 

* The values of n-heptane for comparison. 

• Estimated (from n-hexanc and n-heptane). 


for barely audible knocking with full load, n = 600 rpm, and cooling 
water at boiling temperature of 100®C; mixture composition and ignition 
adjustment were for maximum efficiency. These conditions are approxi- 
mately comparable with the CFR research method. 
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Table 113. — Cwtical Compression Ratios for Acetylene Hydrocarbons (From 

Boyd and Associates) 


Hydrocarbon 

—1 

Critical 

compression 

ratio 

Ac.c.r. with the 
addition of 1 cm® 
Pb(eth )4 per gal 

A% 

Acetylene 

4.6 

— 

— 

1-Heptine 

4.6 

0.33- 

6.7 

3-Heptine 

3.4 

0.10 

2.9 

2-Octine 

4.0 

0.10 

2.5 



Average 

4 


The preceding tables show a number of regularities that are to a large 
extent comparable with what was collected in the preceding chapter 
about slow oxidation of hydrocarbons. These factors deserve special 
emphasis: 

a. In the series of the n-paraffins, knock resistance decreases with 
growing chain length. 

b. This is similarly true for olefins. Since here the position of the 
double bonds in substances of equal C-atom numbers causes differences, 
it is necessary to fix the position of the double bonds for comparison. 
In considering olefins, for instance,^ the rule stated under (a) becomes 
immediately obvious. The material is not sufficient to derive a rule for 
acetylene hydrocarbons. Even if in paraffins as in olefins knock resist- 
ance decreases with an iiun’ease in the number of C-atoms, this decrease 
does not take place at an equal rate in both. In (consequence, the curves 
for both intersect in the vicinity of butane. If we disregard the first 
members of the series where olefins and acetylenes are less knocck resist- 
ant than the corresponding paraffins, then it is exactly true (from approxi- 
mately butane on up) of the hydrocarbons important in liquid fuels that 

c. With equal chain length and structure, and introduction of a 
double or triple bemd, knock resistance is generally increased (the first 
members excepted). 

d. Among olefins with the straight chain, a olefins seem to show least 
knock resistance. 

e. It is true in paraffins as well as in olefins that, with equal size of 
molecule, knock resistance is increased by branching of the chain; e.^., 
the critical compression ratio for n-heptane of 2.8 rises to 13 for the most 
symmetric heptane, 2,2,3-trimethyl butane. In this class of the branched 
knock-resisting paraffins belongs also 2,2,4-trimethyl pentane, which 
is used as the knock standard and has recently been manufactured as 


‘ Shifting the double bond toward the middle of the molecule has a similar favoi- 
able effect on knock resistance, as does branching. 
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Table 114. — Critical Compression Ratios (c.c.r.) of Naphthalenes (Saturated) 
AS Well as Absolute and RelatH'E Increasing of the Ratio by Lead 
Additions (From Royd and Associates, as in Table 112) 


Substance 

c.c.r. 

Ac.c.r. 
with lead 
additions 


Cyclopen tanc 

10.8 

1 

2.7 

25 

Ethyl cyclopentane 

3.9 

— 

— 

1,3-Dimethvl cyclopentane 

4.2 



1,3-Mcthyl ethyl cyclopentane 

3.6 

— 

— 

n-Amyl cyclopentane 

2.8 

— 

— 

Cyclohexane 

4.5 

0.65 

14.4 

Methyl cyclohexane 

1,2-Diinethyl cvclohcxanc 

4.6 

5.1 

0.30 

0.35 

6.5 

6.9 

1,3-Dimelhyl cyclolK^xane 

4.4 

0.21 

4.8 

1,4-Dimethyl cyclohexane 

•1.3 

— 

— 

Ethyl cyclohexane 

3.8 

— 

— 

1,2-Methyl et hyl cyclohexane 

4.3 

0.16 

3.7 

1,3-Methyl ethyl cyclohexane 

3 8 

0.12 

3.2 

1,4-Methvl (ithyl cyclohexane 

3.7 

0.13 

3.5 

r^-Butyl cyclohexane 

3.3 

— 

— 

s-Butyl cyclohexane 

3.6 

— 

— 

l,2-Methyl-7i-propvl cyclohexane 

3.6 

0.12 

3.3 

1,3-Methyl-n-propyl cyclohexane 

3.4 

0.12 

3.5 

l,4-Methyl-w-pro])yl cy(*lohoxane 

3.3 

0.12 

3.6 

1,4- Methyl-isopropyl cyclohexane 

4.0 

0.26 

6.5 

1 ,3-l)ietbyl cyclohexane 

3.2 

— 

— 

1,4-Diethyl cyclohexane 

3.3 

— 

-r- 

n-Amyl cyclohexane 

3.1 

— 

— 

Iso-amyl cyclohexane 

3.3 

— 

— 

tert-Amyl cyclohexane 

4.2 

— 

— 

l,2-Methyl-7i-butyl cyclohexane 

3.4 

0.10 

2.9 

1 ,3-Metliyl-7t-but yl cyclohexane 

3.3 

0.10 

3.0 

1 ,4-methyl-n-butyl cyclohexane 

3.2 

0.10 

3.1 

1 , 2- Mcth y 1-n-am y 1 cy cloh ex ane 

3.2 

0.10 

3.1 

Decahydronaplithalene 

3.6 

0.13 

3.6 

Relatiye increasing of the c.c.r. with the addition of 1 cm'* of lead tetraethyl 
ner e-allon. on the nveraire 

5.9 


the most knock-resisting airplane gasoline — iso-octane with the octane 
number of 100. 

The improvement of knock behavior by the insertion of double bonds 
is striking, the more so since an opposite conclusion seems natural at 
first from the special reactivity of the olefins, well known from organic 
chemistry. This behavior, however, closely follows also the experiences 
with hydrocarbon oxidation (c/. the preceding chapter). The effect 
of double bonds becomes even more noticeable in connected double bonds 
in diolefins; cf. Table 114. 
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The use of unsaturated hydrocarbons, especially those with connected 
double bonds, is prevented by their polymerizability, oxidizability in 
solution, and resin formation that interferes with engine operation. In 
the series of the naphthenes, i.e,, of the ring-shaped aliphatic combustions, 
the above-mentioned conformity to rule repeats itself, as can be seen 
from Tables 114 and 115. 


Table 115. — Critical Compression Ratios for Naphthalenes (Unsaturated) 
(From Boyd and Associates, cf. Table 112) 



c.c.r. 

Ac.c.r. 

A% 

Cyclopen tad iene 

10.9 

-0.90 

-8.3 

Dimethyl fulvene 

9.2 

-0.13 

-1.4 

Indene 

n .2 

-0.10 

-0.9 

Dicy clopentadiene 

11.0 

-0.30 

-2 7 

(^ycopentene 

7.9 

0.20 

+2.5 

-0.3 

1 ,3-Cyclohexadiepe 

5.9 

-0.02 

Cyclohoxeiie 

4.8 

0.20 

+4.2 

1 Metliyl (rycloliexene 

4.8 


Dinentene .... 

.5 9 

0 2.5 

+4.2 

Relative increase of the c.c.r. with the addition of 1 cm® Pb(eth )4 per gal, 
as an averace 

-0.3 


Table 116. — Critical Compression Ratios for Aromatics (From Boyd and 
Associates, cf. Table 112) 


Substance 

c.c.r. 

Ac.c.r. 

Substance 

c.c.r. 

Ac.c.r. 

Benzol 

>15 

— 

Cymol (1,4-methyl-iso- 



Toluol 

13,6 



propyl benzol) 

11 1 

1 0 

Ethyl benzol 

10.5 

2.0 

1,3-diethyl benzol 

10 8 


o-Xylol 

9.6 


1,4-Dicthvl benzol 

9 3 


7n-Xylol 

13.6 



tert-Amyl benzol 

12 1 

2 0 

p-Xylol 

14.2 


Phenyl acetylene 

12.4 

—0.80 

n-Propyl benzol 

10.1 

— 

Phenyl ethylene 

14.0 


Isopropyl benzol 

11.9 



Benzyl acetylene 

7.4 

0.12 

Mesitylene 

14.8 

— 

Methyl, phenyl acetylene. 

11.8 

-0.30 

n-Butyl benzol 

7.7 



Phenyl butadiene 

9.5 

0.00 

sec-Butyl benzol 

10.1 

— 

Trimethyl phenylallene . . 

8.3 

-0.20 

tert-Butyl benzol 

12.5 

— 





Returning to our initial inquiry to consider knocking only by using 
the best data, the following conclusions may be drawn. ^ As mentioned 
several times, the knocking process represents the course of chain reac- 
tions. In general, the velocity of a chain reaction (c/. pages 258^.), 
which parallels the knock tendency, is the greater 

' For this discussion, cf. W. Jost and L. v. Muffling, Z, Elektrochem.^ 46, 93 (1939). 
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1. The greater the probability of chain-inducing processes is. 

2. The greater the probability of chain-branching processes is. 

3. The smaller the probability of chain-stopping processes is. 


Table 117. — Octane Numbers for Paraffins (From Egloff,^ CFR Engine 

Method) 


1 

Substance 

Octane 

numbers 

Substance 

Octane 

numbers 

Methane 

125 + 

2,.3-Diinethy 1 butane 

95 

Ethane 

125 + 

w-Hcxane 

0 

Propane 

125 + 





Heptane 


Butane 


2,2-Dirnethyl pentane 

93 

Isobutanc 

99 

2,3-Dirnethyl pentane 

85 

ri^Butane 

91 

2,4-Dimethyl pentane 

90 

Pentane 


2-Methyl hexane 

64 

2,2“Dimethyl propane 

83 

w-Heptane 

0 

Isopentane 

90 



n- Pentane 

64 

Octane 




'/?-Octane 

~28 

Hexane 


2,2,3-'rriTneth yl pentane 

101 

2,2-Dimethyl butane 

95 

2,2,4-Triinethyl pentane 

100 


1 Eqloff, G., J, Inat. Petroleum Tech. 23, 645 (1937). 


Table 118. — Octane Numbers of Ethers and Mixed Octane Numbers (From 
Eoiloff,^ CFH Engine Method) 


Substance 

Octane 

number 

Mixed octane value in 25% mixture 
with 74-octane aviation gasoline + 

1 cm® Pb(eth )4 per gal 

Di-isopropyl ether 

101 

105 

Methyl isopropyl ether 

73 

90 

Methyl-tcrt-butyl ether 

111 

106 

Methyl-tert-amyl ether 

108 

108 

Eithyl-isopropyl ether 

75 

87 

Ethyl-scc-butyl ether 

63 

73 

Ethyl-tert-butyl ether 

115 

114 

Ethyl-tert-amyl ether 

112 

106 

Isopropyl-tert-butyl ether 

112 

118 

n-Propyl-tert-butyl ether 

103 

106 

Di-sec-butyl ether 

95 

— 

sec-Butyl-tert-butyl ether 

106 

105 

tert-Butyl-n-butyl ether 

81 

92 

tert-butyl-n-amyl ether 

63 

80 


1 Eqloff, G., J. Inat. Petroleum Tech., 28 , 645 (1937). 

Cf. also Banks, F.R., Some Problems of Modern High-duty Aero Engines and Their Fuels, J.. Inat. 
Petroleum Tech., 28 , 63 (1937). 

Ketones are likewise very knock-resistant and show a high lead sensitivity. 
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The above-mentioned data concerning knock behavior of different 
hydrocarbons, as well as behavior in slow oxidation, are compatible from 
the standpoint of chain-process theory with the apparently opposite data 
of organic chemistry, namely, that the paraffins are least and the olefins 
most reactive, in contrast to knocking, if the following assumptions are 
made: 


Table 119. — Octane Numbers of Alcohols (From Egloff,' CFR Engine Method) 


Methanol 

Ethanol 

w-Bu- 

tariol 

Iso- 

butanol 

sec- 

Butanol 

tert- 

Butanol 

Amyl 

tert- 

Amyl 

98 

99.5 

87.5 

87.5 


100 -h (iso- 
octano -}- 3 
lead tetra- 
ethyl per 
gal) 

77.5 

100+ (iso- 
octane + 
0.2 lead tet- 
raethyl per 
gal) 


lEoLOi-'K, G. J. I nut. Petroleum Tech., 23 , 645 (1937). 

Cf. also Banks, F.R., Soruo Brobleins of Modern High-duty Aero Engines and Their Fuels, J. Inal, 
Petroleum Tech. 23 , 63 (1937). 

In mixture with 70-octanc gasoline, the alcohols also show a good lead sensitivity. 

I. The great oxidizability of paraffins in knocking is caused in spite 
of small reactivity of the individual molecule (or small probability of the 
introduction of a chain induction) by the fact that the chain stopping is 
very improbable and, consequently, long reaction chains occur. 

II. For the relative knock resistance of the olefins (with their prob- 
ably significant reacti vity of the individual molecule and thus considerable 
probability of chain induction), it must be assumed that the chain- 
stopping reactions are very probable and that thus the reaction chains 
are relatively short. It can be easily imagined that a chain-continuing 
compound reacts with the double bond of the initial molecule. 

If the assumptions in I and H are accepted as working hypotheses, 
a number of consequences that can be verified in experience result. The 
question of what can be said about the effect of additions and about 
the behavior of mixtures arises. For the sake of brevity, fuels are 
designated as being class I and II if under ideal conditions they fit the 
statements made under I and II. For instance, paraffins and naphthenes 
would belong to group I — with probability of chain stoppage; unsaturated 
fuels of all kinds (though aromatic compounds cannot be included here 
without qualification and would have to be treated separately) would 
belong to class II — with great probability of chain stoppage. 

If, furthermore, an antiknock compound is characterized as a com- 
pound with chain-stopping properties [it is not implied by this that the 
compound as such has these properties, but perhaps only its products of 
decomposition like Pb or lead oxides in the case of Pb(eth) 4 , iron oxide 
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or iron in the case of Fe(CO)6], certainly the addition of such a compound 
would have to be the more effective the less often chain stoppage takes 
place without it. That is, in a parafiRn or saturated naphthene, a 
stronger antiknock effect is to be expected than in the corresponding 
unsaturated compound. Extensive material concerning the effect of 
additions is available only for Pb(eth) 4 , again mainly in the work of 
Boyd and collaborators; it fulfills these expectations. In the above 
tables, the increases in the critical compression ratios with the addition 
of 1 cm® of tetraethyl lead to the American gallon 3.8 liters) are 
added. 

A 5.9 per cent for olefin and 4 per cent for acetylene is obtained as 
the average relative increase of the critical compression ratio in Table 
112, but 10.9 per cent is obtained for the paraffins. The difference is 
striking in the direction where it was expected; it shows also in the 
individual fuels with only two exceptions,^ which, in view of the constitu- 
tive influences that may always enter, should surprise no one. The 
same regularity is, on the average, valid also for the absolute increase of 
the compression ratio, although here more pronoun(*('d individual devia- 
tions have been observed. It will be shown iater that tlie relative increase 
should be regarded as the more significant measure. 

The same is true for the naphthenes (Table 114). Here the relative 
increase of the critical compression ratio by lead addition amounts, on 
the average, to 5.9 per cent (this happens to be the same as with isomeric 
olefins) in the case of the saturated ones. For the single and multiple 
unsaturated naphthenes, on the average, a deterioration of knock 
behavior results, Ac.c.r. becomes on the average —0.3 per cent, but A 
becomes negative only with the multiple unsaturated ones (Table 115). 
The difference between saturated and unsaturated compounds is on the 
average the same as in paraffins. 

Aromatic compounds (Table 116) show no uniform behavior. This 
is not surprising, since the nature of the substitutes is essentially involved 
in the character of the compound. Thus, in the case of aromatics with 
aliphatic side chains, the aliphatic character will show up, especially 
when the side chains are branched. Their lead sensitivity is compara- 
tively high; but conversely, in the case of unsaturated substitutes, lead 
sensitivity becomes low and effect often shows a negative sign. 

The observed effect of lead tetraethyl verifies essentially the expecta- 
tions described above on the basis of chain reactions. In this connection, 
some individual peculiarities and more general relations appear, which 
will now be discussed in part. 

1 It is remarkable that these exceptions are j8 and y olefin; they are more knock- 
resisting than a olefin and apparently resemble in their character the branched 

paraffins. 
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а. In unsaturated compounds, lead sensitivity increases with increas- 
ing branching and also when the double bond moves toward the center 
of the molecule. 

б. In acetylene hydrocarbons, in contrast, the improvement in knock 
behavior through addition of lead tetraethyl becomes smaller the farther 
the triple bond moves toward the center of the molecule. 

c. In aromatic compounds, lead sensitivity increases the more the 
side chain corresponds to knock-resisting paraffins. 
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Fig. 262. — Critical compression ratio /C, as well as increase of the critical compression 
ratio with addition of 1 cni^ of tetraethyl lead per gallon AA' for various hydrocarbon 
groups. {From Lovell, Campbell, and Boyd, p. 545.) 


Figure 262, after Boyd and collaborators, clearly shows the different 
behavior of the different groups of hydrocarbons. 

Since tetraethyl lead is less effective the more chains are stopped 
at their inception, additional tetraethyl lead would have less effect if 
by a previous addition improvement in knock quality had already been 
caused. This is also verified by the experiments of Hebl and Rendel.^ 
In general, then, no linear relation exists between lead addition and 
improvement in knock resistance (except for very small additions). The 
experiences with the effect of lead in various concentrations and the 
difference of its effect with saturated and unsaturated hydrocarbons can 
be thus tentatively summarized: Unsaturated hydrocarbons appear, on 
the average, more knock-resisting than the saturated ones (paraffins 
^ Hebl, L.E., and T.B. Rendel, J. Inst. Petroleum Tech.., 17, 187 (1931). 
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or naphthenes) because the multiple bond has a chain-stopping effect, 
like an antiknock substance; i.e., roughly speaking, unsaturated hydro- 
carbons behave like saturated ones to whicn antiknock substances have 
been added. In either case, additional antiknock substances wUl be 
less effective than with saturated hydrocarbons that have had no anti- 
knock additions. 

The statements that a fuel is knock-resisting because few chains run 
their course in it and that it is knock-resisting because in it many chains 
are stopped permit conclusions concerning the probable behavior of these 
substances in mixtures. If a more knock-resisting fuel is added to a 
less resistant one like n-heptane, the effect of the stronger will be (1) 
a dilution of the less resisting fuel, but (2) under certain conditions also 
an influence on the course of the combustion. The first effect might 
be calculated according to the rule of mixtures, presupposing a rational 
measuring unit, for which the octane number does not come into con- 
sideration. The second influence may cause an improvement or a 
deterioration of the resulting knock behavior. If the added fuel possesses 
a strong chain-breaking effect, the mixture will be expected to have higher 
knock resistance than has been calculated from the rule of mixtures. 
The octane number that would have to be ascribed to the added fuel, 
in order to have the empirical octane number of the mixture agree with 
the computed one, is called ^^mixture octane number.^^ If the representa- 
tions concerning different groups of fuels developed earlier are correct, 
those of class I (with small probability of chain stoppage and relatively 
high lead sensitivity) with equal knock resistance in pure form would 
have to have, in general, lower mixture octane numbers than those of 
class II (with great probability of chain stoppage and small lead sensi- 
tivity). This is again a conclusion that is corroborated to a large extent 
by experience. Figure 263, according to Lovell, Campbell, and Boyd,^ 
shows primarily critical compression ratios (determined according to the 
same method given on page 555, f.c., approximately equivalent to the 
CFR research method) for a number of mixtures. The first component 
is always either n-heptane or iso-octane; for the second component, 
cyclohexane, iso-octane, benzene, and, in one case as a typical multiple 
unsaturated compound, dicyclopentadiene were selected. Although, in 
all other cases, small additions of the more knock-resisting compounds 
effected only a comparatively small improvement of the characteristics 
of the mixture, the influence of the unsaturated dicyclopentadiene in 
small concentrations is remarkably great, as is to be expected according 
to previous discussion. On the behavior of the iso-octane-n-heptane 
mixtures, c/. also the conditions in slow oxidation (Chap. XI, pages 459^.). 
Figure 263, as also Fig. 261, which represents a different method, 

^ Lovell, Campbell, and Boyd, Ind. Eng. Chem.^ 26, 1105 (1934). 
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shows that the octane scale is a very uneven yardstick for measuring 
knock resistance. Change by one unit represents a much smaller change 
of the critical compression ratio at low octane numbers than at high 
octane numbers. This lack of uniformity becomes less noticeable 
when the final temperatures reached in compression are considered 
instead of compression ratios; for the higher compression ratio change 
by one unit means a smaller rise in temperature than with lower com- 
pression ratios; but lack of uniformity remains nevertheless. 



( kritisches Komr>ressionsverhaltnia = critical compression ratio \ 

nngefahres Gebiot der llandelsbcuzine = approximate range of commercial gasolines j 
Molenbruch » mol fraction / 

Fio. 2G3. — Critical compression ratios of various mixtures (research motliod) ; the mol- 
fractioii of the more knock-resistant components in the mixture is plotted as the abscissa. 
The particularly strong effect of small additions of dicyclopeiitadien is remarkable. (From 
Lovell, Campbell, and Boyd^.) 

Lovell, Campbell, and Boyd (page 554) investigated a large number 
of fuels in mixtures for their behavior. Their results were expressed, 
not in octane numbers, but in ^‘aniline equivalents. The fuel was in 
each case investigated in a diluted mixture in a reference gasoline of 
55-octane rating. An aniline equivalent of the fuel is that number of 
3^00 gram-mol of aniline which per liter of reference gasoline effects 
the same change in knock value as one mol of the fuel per liter of reference 
gasoline. Since deterioration of knock behavior also occurs, the negative 
aniline equivalent for this case is defined as the corresponding aniline 
quantity that makes the mixture in its knock behavior again equivalent 
1 Lovell, Campbell, and Boyd, 7nd, Eng, Chem.^ 26, 1105 (1934). 
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to the reference fuel. In itself, it is possible empirically to compute 
mixture octane numbers (these numbers depend, of course, on the refer- 
ence fuel). 

Since only relative values are of importance, a less arbitrary compari- 
son is obtained by the direct use of the aniline equivalents. These 
(Fig. 264) show markedly the following behavior: With equal knock 
resistance (equal critical compression ratio), it is, on the average, true 



( Mischoktunzahl = mixed octane number \ 

andere Diulefine = other diolefins . . ) 

kritisches Koinijrcssionsverhultnis = critical compression ratio/ 

Fio. 264. — Aniline equivalents (as measure of the mixed octane number) plotted 
against the critical compression ratio for various hydrocarbon groups. {From experimenta 
hy Body and associates.) 

for aniline equivalents that they increase greatly in the order of paraffins 
(or naphthene), olefin (unsaturated naphthene), and diolefin (also ring- 
formed). That is again exactly what was to be expected according 
to the preceding considerations. Furthermore it follows, of course, 
that, in the same order in which with equal knock resistance in pure form 
the mixture octane number increases, the lead sensitivity must decrease;^ 
for the higher the mixture octane number the stronger is the chain- 
stopping property of the substance itself, and the less will its behavior 

* Cf. in this connection Jost and v. MCffling, quoted p. 568. 
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be influenced by chain-stopping additions. It is therefore perhaps not 
surprising if the known chain-inducing influence of tetraethyl lead^ 
here makes itself felt besides its chain-stopping effect and influences 
knock behavior adversely. 

An attempt can be made to formulate the different influences quantita- 
tively from the standpoint of the chain-reaction velocity.^ Thus expres- 
sions are obtained that are valid for the average behavior of a group of 
substances (because the comprehension of all individual characteristics 
would require an unwarranted introduction of a large number of available 
constants) and that are true, of course, only to that degree of approxima- 
tion at which the simplified formal data of the chain theory are correct.® 
The expressions obtained permit a satisfactory description (1) of the 
different influenceability of knock behavior within a series by addition 
of Pb(eth) 4 ; especially is it possible to obtain rather easily a limit law 
for the observed behavior of the paraffins and naphthenes (cf. Fig. 262, 
dash curve); (2) of the relative efficiency of variously large quantities 
of lead; and (3) of the possibility of a varying influence (which may differ 
even in algebraic sign) of Pb(eth )4 on the fuels of different groups. 

For the comparison of the variation of the knock behavior through 
lead addition in various knock-resisting substances, the following qualita- 
tive consideration is called for: If the lead addition effects a restriction 
of the reaction and if, in consequence, the compression ratio can be 
increased until the beginning of knocking by a certain amount above 
what was determining without lead addition, the restriction of the 
reaction has been compensated for by a rise in temperature (in conse- 
quence of greater compression and, to a lesser extent, also by a rise in 
pressure). Regarding substances in which equal quantities of lead cause 
the same relative restriction — something probably to be expected in 
homologous series — the increase in compression ratio necessary for com- 
pensation of this restriction would have to be the greater, the greater 
this (compression ratio) originally is; for the greater the compression 
ratio, the smaller is the temperature rise per unit that a further increase 
of the same causes. This can easily be calculated. The quantitative 
completion of this consideration^ leads, within certain such hypothetical 
groups of substances,® to the relationship between critical compression 
ratio € as well as its increase Ac through lead addition 

* Lead tetraethyl decomposes under formation of free radicals which, for instance, 
can induce the decomposition of hydrocarbons. 

* JosT, W., and L. v. MCffling, quoted p. 558. Jost, W., L. v. Muffling, and 
Rohrmann, quoted p. 488. 

® Jost, W., and L. v. Muffling, Z. physik. Chem.f Sec. A, 183, 43 (1938). 

* Cf. Jost, cited pp. 488, 558. 

* Only those materials are comparable which have approximately the same 
apparent activation energy of combustion. 
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Ae ^ const €* 

in which the constant is calculable from reaction-kinetic data. As a 
limit law, this relationship seems to be well fulfilled, e,g.y in paraffins and 
naphthenes (Fig. 262). It is, as a matter of principle, possible to com- 
prehend approximately through this formal the behavior of other groups 
of substances and to refine it so that it will account for individual charac- 
teristics, e.g.y include also the deterioration through lead addition of the 
knock behavior of multiple, unsaturated compounds. For this we must 
refer to the original. 

10. Antiknock Substances.^ — ^Although thousands of compounds have 
been investigated for their antiknock qualities, lead tetraethyl, discovered 
some 20 years ago by Midgley, is the most effecti^^e and is still largely 
used today. Iron carbonyl, manufactured by I.Ca. (Farben) is, to be 
sure, less effective than tetraethyl lead (with reference to mols), but its 
effectiveness is of the same order of magnitude. For practical purposes, 
antiknock effectiveness is not the only consideration, but also products 
like lead oxide or iron oxide that will intei fere with operation should not 
remain in the engine. That is why tetraethyl lead is used in a mixture 
with ethylene bromide: the lead bromide that forms is volatile and 
escapes together with exhaust gases. The i)r()blems connected with 
this lie outside the scope of this book, however. 

As follows clearly from the facts given in this and the preceding 
chapter, antiknock substances are such compounds as interfere with the 
chain reaction of the hydrocarbon oxidation in the gas phase. ^ In this, 
Table 120. — Relative Antiknock Effect (Aniline = 1) (From Oalinoaert) 


Benzol 0.085 

Iso-octane (2,2,4-trimethyl pentane) 0.085 

Ethanol 0 . 104 

Xylol 0.142 

Aniline 1.00 

Ethyl iodide 1.09 

Titantctrachloridc 3.2 

Tin tetraethyl 4.0 

Diethyl selenide 6.9 

Deithyl telluride 26 6 

Nickel carbonyl 35 

Iron carbonyl 50 

Lead tetraethyl 118 


1 Cf. in this connection the contribution by G. Calingaert, “The Science of Petro- 
leum,” Vol. IV, pp. 3024 also K.C. Bailey, “The Retardation of Chemical Reac- 
tions,” Arnold, London, 1937. Bailey gives a detailed discussion of the observations 
on antiknock substances, and various theories, all of which must be regarded as out of 
date insofar as they do not describe the effect of the antiknock substances as blocking 
in the chain reaction. 

* Egerton, A.C., Naturcy 119, 427 (1927); 121, 10 (1928). Tatlor, H.S., Nature, 
U9, 746 (1927). 
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tetraethyl, for instance, is effective only when it has decomposed (c/. 
page 547). There is no contradiction to the interpretation offered here 
in the fact that other substances have at room temperature a much 
greater effect in slowing oxidation than the effective antiknock com- 
pounds.^ This means only that the oxidation slowing effectiveness of a 
substance can depend greatly on the experimental condition, e.g., 
temperature. 

Accordingly, all compounds that impede slow oxidation of hydro- 
carbons in the gas phase are practically more or less antiknock substances. 
Besides a number of metallic organic compounds, nitrogen-containing 
organic compounds especially belong in this class. Their effectiveness 
depends considerably on their structure. Some compounds that have 
an unusually high mixture octane number, like some olefins, can be 
counted among antiknock substances; that is largely a matter of 
terminology. 

For the relative effectiveness of various substances (expressed by 
the reciprocal number of mols that cause the same antiknock effectiveness 
as one mol of aniline), the above survey is reproduced (according to 
Calingaert, quoted page 567; mainly according to Lovell, Campbell, 
and Boyd; also Midgley and Boyd). 

Of the aromatic amines, the ones like aniline (= 1) which have at 
least one H-atom with nitrogen, are of comparable effectiveness. Tolui- 
dine (1.22), m-xylidine (1.4), and diphenyl amine, for example, are 
somewhat more effective than aniline. Less effective, on the other hand, 
are, for example, dimethyl aniline (0.21), triphenyl amine (0.09), as well 
as aliphatic amines like diethyl amine (0.495). Ammonia even has a 
slightly proknock effect. Lately aminocymoP has been described as a 
suitable antiknock compound of effectiveness equal to that of aniline. 
The fact that one H-atom must be located in the amino compound 
with the nitrogen might point out that the antiknock effectiveness is 
connected with an attack on the nitrogen, oxidizing or reducing it. It 
might be suggested that the greater effectiveness of metallic organic 
compounds, compared with amino compounds, comes from the fact that 
these are destroyed in the act of chain-breaking, whereas the metals can 
continuously interfere in the course of the reaction through multiple 
oxidation and reduction (probably not to metal; Egerton points out that 
the effective metals may all occur in two stages of oxidation). 

An opposite effect from the antiknock substances is produced by the 
previously mentioned ‘^knotk stimulators^^ (page 543) like organic 

^ St. Lewis J., J. Chem. Soc., 1930, p. 2241 ; cf. Bailey, quoted p. 567. 

•Ershov and Fedotova, J. Applied Chem. USSRy 10, 869 (1937). ^'Petroleum 
Technology in 1937,” edited by F.H. Garner, p. 229, The Institute of Petroleum, 
London, 1938. 
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peroxides, nitrites, and ozone. ^ The existence of these substances, 
which can induce chains and knocking in as small quantities as are 
needed of antiknock substances to discontinue chains and suppress 
knocking, supports the theory here developed. Doubts as to its correct- 
ness no longer exist. 

The influence by antiknock substances on ignition behavior has 
repeatedly been encountered (cf. chiefly page 443). The raising of the 
ignition points by tetraoth}^ lead varies greatly according to the fuel 
under investigation and the condition of experimentation. Since in all 
but Tizard and methods the wall exerted a more or less pronounced 
influence on the resvdts, the observation in the presence of Pb(eth )4 and 
other substances will not be independent of it. It must also be con- 
sidered that these additions (diange the condition (d the wall consider- 
ably.- The results of all such experiments are therefore applied only 
conditionally to engine operation. A raising of the ignition points by 
from a few to about 200°C by tetraethyl lead is, however, generally 
observable. 

For* such experiments in ignition testers — whi(*h, after what has been 
said, shovild be evaluated with (caution — see Plelmore.^ Besides observa- 
tions showing a raising of ignition temperature under these conditions, 
there are also a few that show a slight lowering. This is not surprising 
in view of the lack of knowledge of the elTective factors. 

11. Conclusions.* — After the experiments discussed, we should like 
to assume a reaction proceeding in homogeneous phase in the unburned 
mixture, without decisive collaboration of gas vibrations'^ or hetero- 
geneous reactions (e.g., on or in droplets®). Likewise, according to 
the data discussed, we believe that a temperature course of hydrocarbon 
oxidation, like that of Townend and collaborators,^ is not normally to 
be expected under engine conditions.^ Nevertheless, in special cases, a 
coeffectiveness of such factors cannot from the outset be excluded, and 
their influence in the interpretation of possible anomalies will have to 
be considered. We shall discuss the effect of droplets in the next chapter. 

^ Brooks, D.B., ,7. Inst. Petroleum Tech.j 19, 835 (1933). 

2 PiDGEON, L.M., and A.C. PJgeuton, J. Chem. Soc.y 1932, pp. 661, 676. St. 
Lewis, J., J. Chem. Soc., 1930, p. 2241. 

3 Helmore, W., “The Science of Petroleum,” Vol. IV, pp. 2970^0*., 1938. 

* In connection with combustion in engines, besides the references given in the text 
and in the bibliographical index, we should like to point out a paper by Banks, J. Inst. 
Petroleum Tech.j 23, 63 (1937). 

Cf. pp. 522Jf. 

® Cf. especially Callendar, H.L., quoted p. 544. King and G. Mole, ,7. Inst. 
Petroleum Tech.j 21, 838, 845, 853, (1935). Concerning the influence of lubricating 
oil on knocking, cf. King and H. Moss, Engineering j July 11 and 25, 1930; Jan. 2, 
1931. King, Engineering j Aug. 25, 1933. 

’ Cf. pp. 476/. 
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No direct experiments seem to have been made to ascertain whether 
knocking is increased by droplets and the like. Those by King refer to 
auto-ignition under atmosphejic pressure. With regard to shock waves, 
the tests of Rothrock and Spencer (quoted page 516) yielded negative 
results. Only indirect arguments are given, e.g,, by Dumanois,^ that 
knocking does not occur if the combustion chamber is given such shape 
that a series of sudden enlargements of the cross section takes place in the 
path of the flame. Such an arrangement would counteract the occurrence 
of shock waves and the beginning of a true detonation; for this reason, 
Dumanois would like to identify knocking with such an arrangement. 
The special shape of the combustion chamber, however, simultaneously 
influences the course of the flame, turbulence, and — indirectly — cooling, 
so that it is not absolutely certain whether suppression of a shock wave 
was the decisive factor. 

The fact that the temperature course, as Townend and collaborators 
observed it, can play a role even under engine conditions, is verified 
by the older experiments of Dumanois.^ Proceeding from the fact that 
peroxides once formed begin to decompose in the vicinity of 300°C, 
he expected that raising of the engine temperature would cause a dis- 
appearance of knocking following a temporary increase because the 
peroxides responsible will have previously decomposed. Actually his 
experiments confirmed his expectations, but the engine under these 
conditions kept operating even without ignition. The interpretation 
that Serruys® gave to these experiments is therefore probably the correct 
one: Under these conditions, premature ignitions occur, and therefore 
the presuppositions of knocking are not any longer present. Lewis and 
V. Elbe^ tried to make the ignition behavior, as observed by Townend, 
responsible for certain experiences in engine operation. Systematic 
experiments on knocking with automobile engines actually in operation® 
resulted in quite complicated relationships. Since in practical operation, 
however, a number of factors are changed simultaneously, it is not 
necessary to assume that the complications represent a characteristic of 
the fuel. It seems to us that the decisive point — the difficulty of a 
separation of fuel factors from engine factors — imposes, for the time 
being, utmost caution in judging this situation. 

^ Cf, the comprehensive treatment in “The Science of Petroleum,” Vol. IV, p. 
3054. 

* Cf. p. 569, footnote 4. 

Dumanois, P., Ann. Office nat. des comhnst. liquideSf 9 , 141 (1934); Compt. rend.y 
197 , 393 (1933). 

•Serruys, M., Compt. rend., 197 , 224 (1933); cf. Dumanois, “The Science of 
Petroleum.” 

* Lewis, B., and G. v. Elbe, Chem. Rev., 22, 155 (1938). 

» Best, H.W., Chem. Rev., 22, 143 (1938). 



CHAPTER XIII 

COMBUSTION IN THE DIESEL ENGINE 


The working process of the Diesel engine differs from that of the 
Otto engine only in the fact that the suction air is compressed by the 
piston and that the fuel is then injected into the hot, compressed air, 
where it ignites without a spark. 

The problem of combustion in the Diesel engine is essentially different 
in kind from that of the Otto engine. The important thing in the Diesel 
engine is first, that ignition takes place at all; second, that further 
combustion proceeds with suitable velocity. The difficulties that can 
result in operation are first, as in the Otto engine, that ignition and 
pressure rise take place too late with subsequent loss of efficiency. As 
in the Otto engine this disadvantage can be largely overcome by means 
of advancing the ignition, so in the Diesel engine it can be largely over- 
come by advancing the injection. Actually, jet injection is begun at 
least about 10° to 20° of crank angle before upper dead center. For the 
following reason, however, not everything is taken care of in a longer 
ignition delay by the advance of the injection corresponding to the 
ignition delay: During ignition delay, a further quantity of fuel is injected 
into the combustion chamber; the longer the ignition delay, the greater 
is the fuel quantity found in the cylinder at the time of ignition. The 
more fuel present, however, the steeper the pressure rise becomes. 
Once actual combustion starts, the sudden combustion of too great a 
quantity of fuel can lead to knocking of the Diesel engine and must 
therefore be avoided. Knocking in Diesel engines, therefore, has a 
cause opposite to that of knocking in Otto engines. In the Otto engine, 
the cause of knocking is too great an ignitibility of the adiabatically 
compressed mixture; in the Diesel engine, it is too great a delay in igni- 
tion, caused by the slow ignitibility of the fuel. Accordingly, the 
requirements of the fuel in the two cases are very different: Normal 
paraffins of low octane number are badly suited for operation of the Otto 
engine, but they are very good for Diesel engines. The opposite is true 
of knock-resisting aromatic fuels. Coal-tar oils can be burned in Diesel 
engines only with the aid of special devices.^ 

As in combating knocking in the Otto engine, for the improvement of 
ignition in the Diesel engine two considerations enter — the influence on 
the part of the construction, and the influence on the part of the fuel. 

^ C/., e.g.f ZiNNER, K., Z. Ver. deut, Ing.j 79, 1319 (1935). 

571 
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1. The Working Process of the Diesel Engine.— For the reader less 
familiar with engine conditions, a few observations are here presented. 
The constant-pressure process may be chosen (Fig. 265) as the ideal proc- 
ess^ on which a comparison with the actually obtained efficiency is 
based in contrast to the constant-volume process in the Otto engine, 
where heat was imagined as added in and rejected under constant 
volume. That means the following: Assuming that at 1, Fig. 265, 
the suction air at volume Vi is in the cylinder; through compression in 

ratio e to the volume V 2 , pressure rises 
from Pi to p 2 together with temperature. 
At the moment of maximum compres- 
sion, fuel begins to be injected; for the 
ideal process, it is assumed to burn 
instantaneously. The fuel supply is 
regulated so that the pressure remains 
constant until volume ih is reached; 
?‘.c., in the case of the ideal process with 
air, the expansion from 2(7’2) to 
taking place at constant pressure, the 
heat quantity Qi = Cp{Tz — Tz) is added; from 3 to 4, the gas expands 
adiabatically with work to 4; then the heat quantity Q-z — Cp{7\ — Ti) is 
withdrawn from the gas at constant pressure, and this brings it back to 
its initial stage. The efficiency is then {cf. the corresponding observa- 
tions in Chap. XII, page 503) 



Fia. 265. — Ideal process of the equal' 
volume method. 


_ Qi — Q2 _ 

(f 



( 1 ) 


Since the temperatures 1 and 2, also 3 and 4 arc linked by an adiabatic, 


consequently also 


becomes this 


which is the same value as for the constant-volume process. In reality, 
however, the expansion takes place not to Va but to the initial volume Vij 
Le.j to the point 4'. The output is therefore smaller than computed by 
the area 4'-4-l, the value of which can, of course be given (c/. footnote 1 

‘ C/. Pye, D.R., ^‘Brennkraftmaschinen,” Julius Springer, Berlin, 1932. Muller- 
Pouillet, “Lehrbuch der Physik,” Vol. Ill, 1. 
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page 572). In actual operation, combustion takes place not under 
constant pressure but under conditions that lie between the constant- 
volume and the constant-pressure cases. Figure 266 shows the ideal 
process on which it is based. A part of the heat is assumed under con- 
stant volume; pressure rise from to p^; the remaining part under 
constant pressure; volume expansion from to vj; if a = Pz/P 2 and 
jS = are given, then the ideal efficiency can be given for this process 
too. It is found to be (c/. the quoted material) 



with 

__ 

^ Of — 1 — Ka{S — 1) 

Details are of no interest here; it is essential only that, even in the Diesel 
engine, except for a correction factor, which means a decrease of efficiency, 
the expression 1 — is the determin- 

ing factor for the working efficiency. The 
useful effect would therefore increase if com- 
bustion took place instantaneously. That 
is not attainable, however, first because of 
finite ignition and combustion velocities, and 
second because of the high peak pressures 
thus far not technically obtainable. It is 
indeed the advantage of the Diesel process 
that, since danger of auto-ignition and knock- 
ing are not present as in the carburtitor 
engine (on knocking in Dies(*l engines, see 
the footnote lielow), compression ratios can 
be and have to be much higher if auto-ignition of the injected fuel is to 
be assured. Accordingly, compression ratios of 1 : 18 occur in Diesel 
engines. 

2. General Considerations Concerning the Combustion Process in 
Diesel Engines, Jet Injection, Evaporation, and Ignition.’ — Figure 267 
shows I, the ideal, and 11, the actual pressure variations, in combustion 
in Diesel engines. The symmetri(;al lower curve would correspond to 
the pressure variation without fuel injection and without combustion. 
The ideal curve, I, would be obtained if ignition were to start immediately 
at the moment of injection and if the remaining fuel would burn on injec- 

^ Cf. Ricardo, cited p. 554. Boerlaoe and Broeze, Ver. deut. Ing. Forsch.j 
1934, p. 366. J. Inst. Petroleum Tech., 21, 40 (1935). *‘The Science of Petroleum,” 
Vol. IV, p. 2894; Chem. Rev., 22, 61 (1938). 



I’lo. 266 .“ "Ideal profjess of the 
volume-pressure method. 
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tion. The actual process, II, differs from this in that ignition takes 
place only after a certain delay period (1, Fig. 267); then the already 
injected fuel bums within a very short time, 2, and, as section 3 joins, 
combustion is essentially dictated by injection speed. Even after 
termination of injection, 4, an after-burning can still take place, namely, 
if the mixture formation was irregular or over-rich or if a part of the 
charge or of the injected fuel had been considerably cooled. 

Figure 268, according to Zinner,^ shows how much, even after ignition 
has started, combustion can lag behind injection, mainly on account of 
imperfect mixture formation. 

A high degree of efficiency requires combustion as much as possible 

at upper dead center; but in this, 
on account of operational condi- 
tions, too sudden a compression 
rise and too high an absolute com- 
pression should be avoided. 
Apparently, favorable combustion 
in Diesel engines depends on more 
than only the characteristics of 
the fuel, for a complete combus- 
tion demands primarily a perfect 
mixture of the fuel with air, which, 
in contrast to the Otto engine, is 
not present from the start in the 
Diesel engine. This necessitates 
the best obtainable atomization of 
the injected fuel, but this alone 
does not suffice. The atomized 
fuel must also be distributed as 
evenly as possible through air, 
which is not possible without the 
action of gas currents. Boerlage speaks of macromixture (distribution 
through air) and micromixture (fine atomization and evaporation of 
the fuel). These problems of the injection process, the turbulence 
of the air in the combustion chamber, etc., have been under careful 
investigation; especially the injection has been investigated by means of 
spark photographs {e.g.j in NageFs Institute^), but these are outside 
the scope of this volume. Even if an oxidation of fuels can take place 
as soon as in the liquid phase, the rapid oxidation that is necessary for 

1 ZiNNER, K., Z. Yer. deut. Ing.j 82, 9 (1938). 

* Holfelder, B.O., Ver. deut. Ing. Forsch., 1935, p. 374. Z. Ver. deut. Ing.y 80, 
193 (1936). A. Nagel, paper read at the convention of the German Academy of 
Aeronautical Research, Berlin, 1939; published in Schriften deut. Akad. Luftfahrtf orach. 



/Nadelhub = needle lift \ 

I Druck = pressnre \ 

\ Kurbelwinkel » crank angle j 
\o.T. *= upper dead center / 

Fig. 267. — Ideal, I, and actual pressure 
variation, II, in Diesel-engine combustion. 
Beginning of injection assumed at 10° crank 
angle before upper dead (tenter. 1, ignition 
delay. 2, complete ignition and combustion. 
3, range of directed combustion. 4, after- 
burning. {From Boerlage and Broeze.) 
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combustion in the Diesel engine^ can take place only in the evaporated 
fuel for the simple reason that the temperature of the unevaporated fuel 
cannot rise above its boiling point. For the fact that oxidation does not 
take place in the liquid phase, a number of direct, experimental proofs 
may be quoted, ^ Tauss and Schulte® found that oil vapors showed 
the same ignition temperature as liquid oil (optimum mixture condition 



Kurbelwinkel ■» crank angle 
Ztindverzug - ignition delay 

Durchbrennen -f gesteucite Verbrennung » complete combustion + directed combustion 

Nachbrennen — after burning 

Einspritzbeginn * beginning of injection 

ZOnaung ^ ignition 

Einspritzende = end of injection 

eingespritzte Brennstoffmenge = injected fuel 

unverbrannte Brennstoffmenge irn Cylinder = unburned fuel in the cylinder 
^verbrannte Brennstoffmenge = burned fuel J 

Fig. 268. — Time variation in jet injection and combii.stion in the Dioscl oiiKine: unburned 
fuel in the cylinder as difference. {From Zinner.*) 


is presupposed) ; whereas Schaefer® never obtained ignition with Jentsch^s 
ignition-value tester (which contains three interconnected chambers, 
into one of which the fuel drips) in the chamber into which the liquid 
fuel drops, but always in one of the auxiliary chambers. If follows that 
the evaporation process of the droplets plays a great role. A very 
fine spray is apparently favorable for a quick evaporation, as are a low 
boiling point of the fuel and a high air temperature. Influence of air 
density is qualitatively hard to determine, because great air density 

^Cf. especially Callendar, Engineering, 121 (1926); 123 (1927). King, R.O., 
quoted p. 569. 

* Boerlage and Broeze, '^The Science of Petroleum/^ quoted p. 573. 

* Tauss, J., and F. Schulte, tJber Ziindpunkte und Verbrennungsvorgfinge im 
Dieselmotor, Wilhelm Knapp, Halle, 1924. 

^ Zinner, K., Z. Ver, deut, Ing., 82, 9 (1938). 

* Schaefer, “Werft Reed,” Hafen, December, 1931. 
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is, to be sure, favorable because of high heat capacity; but, at the same 
time, it hinders diffusion of fuel-oil vapor into the gas chamber. 

Figure 269 shows schematically, according to Neumann, an analysis 
of the fuel jet. Dissipation of the fuel jet starts with its exit from the edge 
of the nozzle and proceeds in the direction of the axis toward the center. 
Since drop diameter and drop density increase toward the center, the 
outside portions are preferred for ignition, especially the portions atom- 
ized first, which have been in existence for the longest time. 

The diameters of the fuel droplets in the jet range themselves around 
a certain average value, which wdth good atomization lies in the neighbor- 
hood of 10“^ cm. In investigation of evaporation of the droplets, direct 
measurements in multiple-spark photographs, as announced by F.A.F. 



( S<,rahltiefe =* dcjjth of jet 
Brenri«toff(luse = fuel nozzle 
Sir ahl mantel = i^eriphery of jet 
Strahlkern = core of jet 
Strahlaufldsung = disintegration of jot 
Strahlfront = front of jet 

Fig. 269. — Disintegration of the injected fuel jet, scljernatic. ivh, velocity of the fuel drops; 
p;„ pressure on the liquid fu6l during injec,tion. {From K. Neumann.) 

Schmidt,^ would be useful; direct numerical values have not yet been 
published. Computations have had to serve so far^ for velocities of 
droplet evaporation. According to Wentzel, the smaller droplets are 
said to have largely evaporated in ^ 5 • sec, so that, except for very 
short ignition delays, the evaporation process could play no role at all. 
Aside from the fac;t that fundamentally evaporation and oxidation should 
not be treated separatel}^ (cf. also page 585), it must be kept in mind that 
there are at the basis of these calculations certain assumptions and 
simplifications through which errors could easily result. An assumption 
has to be made concerning the movement of drops relative to air (whether 
this is induced or whether the drops come in contact always with new 
air), and an average heat conductivity has been used for computation. 
In a radial-symmetrical problem, however, the average value of heat 

^Schmidt, F.A.F. , Ver. dcut. Ing. Forsch.j 1938, p. 302; cf. also the paper read at 
the convention of the German Academy of Aeronautical Research, Berlin, 1939. 

* Wentzel, W., Ver. dcui. Ing. Forsch.j 1934, p. 360; Forsch. Gebiete Ingw., 6, 105 
(1935); Z. Ver. deut. Ing., 77, 908 (1933). Initial work in this direction also by 
N. Fuchs, Phys. Z. Sovet. 6, 224 (1934). 
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conductivity over the temperature interval in question cannot simply 
be taken, but rather an average value commensurate with the problem 
must be taken, a value most influenced by the colder gas parts in the 
vicinity of the drops. It is at least imaginable that for this reason the 
evaporation time calculated by Wentzel might be too short. For a 
decision, the results of direct observation will have to be awaited. 

A description devoid of contradiction of the phenomenon in the engine 
with consideration of physical and chemical data is easily possible. 
Ignition takes place, as is apparent, for example, from jet pictures by 
Nagel (quoted page 575), in general only after the fuel is evaporated. 
Nevertheless, however, the ignition process will normally not proceed 
uninfluenced by evaporation, if only for the local cooling effected by 
evaporation (cf. page 584). Even if everything is evaporated, however, 
the same conditions as in homogeneous gas reaction need not be present 
{cf. page 583) ; diffusion in particular may enter the })icture after evapora- 
tion. Assuming [{cf.^ a similar estimate, page 49) that one droplet has 
had a radius of 1()"^ cm and vapor had to distribute itself by diffusion to 
a sphere of 5 • cm radius, the time necessary for this, t, results 

(5 • 10“^ 

according to order of magnitude {cf. page 286) at ^ 10“2 ^ ^ 

estimate the diffusion coeflic.ient of the fuel in air under engine conditions 
at 10“-^ cm“/sec; r would thus be = 10^^ sec and therefore by no 
means negligible. In agreement with this is the observable fact, to 
which among others Lindner ((pioted page 585) points, that, in general, 
ignition delays under sec cannot be measured, according to 

Schweitzer,^ even if the fuel is injected into the burning mixture. 

The ignition proc.css in the Diesel engine is thus seen to be a com- 
plicated interplay of a number of physical and chemical processes that 
lead to simple relationships only in exceptional borderline cases that are 
probably never realized in practical operation. In the l)orderline case 
of high temperatures," the (diemical reaction may be regarded as pro- 
ceeding with infinite speed, and only the less temperature-dependent 
physical processes are then responsible for the ignition delay. Connected 
with this is the small temperature depend(in(;e of the ignition delay 
already remarked upon {cf. pages 585j^.) and perhaps the r(^aching of a 
limiting value of ^ 10"^ sec (with essential refinement of the spray, 
it should be possible to go below this limit) . ( von versely , in the borderline 

case of low temperatures (which is reached with coal-tar oil under normal 
conditions, with gas oil and cetenc only at very low temperatures), 

^ Schweitzer, P.H., Automotive Ind., 1038, p. 848. 

* Also in the borderline case of easily ignitible Diesel oils under normal operating 
conditions; for this, it may be said that normally, with cetene numbers above 70, no 
difference in ignition delays can be found. 
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chemical reaction will proceed very slowly in comparison with the other 
processes, and it alone will determine the ignition delay (c/. pages 584, 
685). Accordingly, under such conditions, pronounced temperature 
dependence of ignition delay results, corresponding to temperature 
dependence in homogeneous gas reactions (c/. pages 474, 475). In the 
region of intermediate temperatures that correspond to practical engine 
operation, the total process should be regarded as a combination of all 
the different partial processes, and a corresponding intermediate tem- 





Fia. 270. — ^Pressure diagrams of the combustion in the Diesel engine with increasing 
ignition delays (1-8). [From Boerlage and Broeze, Chem, Reo., vol. 22 (1938).] 

perature coefficient is observed, which, however, is essentially smaller 
than in homogeneous gas reaction. For these reasons, we shall hardly 
succeed in maintaining the great temperature dependence of the ignition 
delay in the ignition of liquid injected fuels (even gasolines; Lindner, 
quoted page 585), as is obtained in ignition in homogeneous gas phase 
(Tizard and Pye, quoted page 472; Jost and Teichmann, quoted page 475). 

In considering the interplay of physical and chemical processes in 
ignition in the Diesel engine in the manner indicated, we naturally 
arrive at an understanding of the observed phenomena. Of course, 
this context excludes the comprehension of the entire field of phenomena 
by means of a simple formula. 
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The longer the ignition delay, the less favorable is the efficiency. 
Figure 270 shows (according to Boerlage and Broeze) a number of 
indicator diagrams with increasing ignition delays. With increasing 
ignition delay and ignition only after upper dead center, pressure decrease 
occurs progressively (in consequence of expansion) before ignition. This 
special diagram shows that, with very long ignition delays, the remaining 
mixture does not have to react instantaneously with knocking. In spite 
of the long delays, pressure rises here are normal; the speed of the pressure 



( Brennseschwindigkeit "« combuation velocity 
Kurbelwinkel crank angle 
Zylinderdruck ■» cylinder pressure 

Geschwindigkeit der Verbrennung ™ velocity of combustion 
Fio. 271. — Influence of the beginning of injection (in ° of crank angle before' upper 
dead center; given at the various curves) on pressure development and combustion velocity; 
0, moment of the end of jot injection. (From Roihrock and Selden, p. 680.) 

rise first increases with increasing delay and drops again. The smaller 
pressure rise under protracted delays (piston already at a greater distance 
from upper dead center) is partly conditioned by the quick volume 
extension in this phase. Figure 271 shows cylinder pressure and the 
speed of combustion for different periods of initial injection as a function 
of the crank angle. We can see that an after-burning still takes place 
a considerable time after the end of the injection. Rothrock and 
Seldon point out that a considerable loss of output is connected with this. 
K. Neumann had previously pointed this out and attempted a reaction- 
kinetic treatment^ (c/. page 588). 

» Neumann, K., Farsch, Gehiete Ingw. 6 , 173 (1934); 7, 57 (1936). Paper read at 
the Convention of the German Academy of Aeronautical Research, Berlin, 1939. 
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3. Practical Determination of Ignitibility of Diesel Fuels —The 
details in the methods of determination of ignitibility of Diesel fuels lie 
again outside the scope of this book.^ The best method in this case is 
a test engine. In order to be independent of special engine conditions, 
a mixture of cetene ((716H32, a very ignitible normal olefin) and a-methyl 
naphthalene (a very inert aromatic) has been chosen for a scale of com- 
parison. Fundamentally, the same misgivings exist for the cetene 
scale as for the octane scale, with the additional fact here that ignition 
delay also depends on the evaporation process (page 580 ). Besides 
experiments in an actual engine, numerous measurements of ignition 
delays in l)ombs have been made. I^A'^en if the engine conditions cannot 
be completely duplicated here, still it is much easier than in the Otto 



/Cetenzalil « cetene number \ 

VOklanzalil *= octane number/ 

Fia. 272. — Coteno numbers and ocitano numbers of various fuels. {From Dumanoia^ 

p. 500.) 

engine to obtain significant experimental results of which we shall make 
extensive use in our discussion. In any case, it is easier to work with a 
test bomb with well-defined temperatures and pressures than with an 
engine. Measurements with ignition testers^ are much more dubious, 
since* in these, conditions deviating fundamentally from engine conditions 
are realized, ^.e., low pressure, influences of the walls, very long induction 
time, etc., as far as they are said to be at all measurable. Results thus 
gained are not usable for quantitative relations, even if the results can 
be of practical use under careful evaluation. It should probably be 
stressed that it is fundamentally impossible to compensate for the low 
pressure in the ignition tester (compared with the engine) by means 
of a higher relative oxygen concentration. 

If the assumption is true that, in case of ignition in the Diesel engine, 
the same chemical reactions occur as in knocking in the Otto engine, 

1 Cf. tlio report by P.H. Schweitzer [Chem. Rev., 22, 107 (1938)], which summarizes 
all findings; also the papers of the VDI meeting “Motor- und Kraftstoff,^^ 1938. 

* Cf. in this connection IIelmore, W., “The Science of Petroleum,'' Vol. IV, p 
2970, 1938. Jentsoii, H., Z. Ver. deut. Ing., 68 , 1150 (1924). Schap:fer, D., Proc. 
World Petroleum Congress, Vol. II, p. 218, London, 1938. 
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a relationship should exist between octane and cetene numbers of fuels. 
This, to be sure, was found by Boerlage and Broeze. Since, in general, 
a fuel is suitable for Diesel operation in proportion to the ease with 
which it ignites (a property that is unsuitable for the Otto engine) 
an inverse course of octane and cetene numbers results.^ In Fig. 272, 
a presentation according to Dumanois^ is given. That the relatio*n 
between cetene numbers and octane numbers is linear may be more 
accidental, if for no other reason than that for Diesel combustion different 
boiling behavior may be of considerable influence. The clearly dia- 
metrically opposed behavior of the two quantities is definite and very 
characteristic. 


Table 121. — Ignition Behavior of Pure Substance 




Ignition delay in degrees of 



crank angle at pressures of 

Substance 

Foniiula 






30 atm 

15 atm 

10 atm 

ri-Heptane 

Crihe 

7.1 

12.8 

21.2-10-® 

Cetene 

C,«H32 

6.3 

10.5 

18.7 

Cetane 

Cl ells 4 

6.0 

10.2 

18.3 

Tetratriacontadieii 

CuHob 

8.4 

13.6 

20.3 


Since, within homologous series (e.^., that of the /i-parafEns), boiling 
point, speed of thermal decomposition (cracking), oxidation tendency, 
knocking tendency, and ignitibility in the Diesel engine all change in the; 
same direction, it is possible to find parallels between each pair of these 
magnitudes.^ In comparison of substances not from homologous series, 
of course, there will not longer be a perfectly parallel change between 
boiling point and ignitibility; but more or less valid approximate rela- 
tions can be obtained when the different composition (at identical boiling 
behavior) is comprehended by any other physical magnitude that is 
especially sensitive to a change in the action of (hard to ignite) aromatics. 
As such further determining magnitudes, densities, fraction indices, 
aniline points, and parachor (a combination of surface tension and 
density) have been adduced^ and with them Diesel indices (or similarly 
named measurements) have been formulated that are quite well suited 
for orientation of fuels of normal composition. Since magnitudes that 

1 Boerlage, G.D., and J.J. Broeze, Ver. deut. Ing, Forsch.j 1934, p. 366. 

* Dumanois, P., '^The Science of Petroleum,” Vol. IV, p. 3054. 

* Concerning decomposition tendency, cf. Boerlage and Broeze, quoted p. 497 ; 
also J. Inst. Petroleum Tech., 21, 40 (1935); and Jost, W., L. v. Muffling, and Rohr- 
MANN, Z. Elektrochem.y 42, 488 (1936). 

* Cf. Schweitzer, P.H., quoted p. 580. Heinze, R., Braunkohle, 34, 639 (1936). 
Marder, M., and P, Schneider, Automohiltech. Z., 40 (1937), etc. 
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have no direct causal connection* have sometimes been combined, how- 
ever, occasionally considerable deviations have resulted. 

It becomes clear, for example, from a series of measurements by 
Boerlage and Broeze (quoted page 571) that, as has often been observed, 
besides chemical reactivity, ease of evaporation plays a role in the 
ignitibility of Diesel oils (Table 121). 

The fact that heptane is harder to ignite than cetene and cetane is 
probably a result of the smaller reactivity of the shorter chains; but the 
fact that tetratriacontadien, in turn, is even harder to ignite than cetene 
seems to point to an inhibition of the reaction by too slow an evaporation. 
This behavior is marked in the relations between boiling point and cetene 
number which Pier^ reports for paraffin base, mixed-base, and asphalt- 
base gas oils. Up to an average boiling point of about 300°C, the cetene 
number rises with the boiling point. With further rise, it drops again. 
With the lower temperature, the influence of reactivity of hydrocarbons, 
which increases with increasing molecule size, predominates. With 
higher temperatures, the increasingly more difficult evaporability opposes 
this influence. 

Table 122. — Cetene Numbers of Gas Oils and Residues of Various Crude Oils 
(From Boerlage and Broeze) 


Crude oil 

Cetene number 

Gas-oil fraction 

Residue 

A 

60 

44 

B 

58-60 

44 

C 

58-60 

32 

D 

47-49 

26 

E 

24 

39 

F 

30-33 

24 

(total crude oil) 

G 

27 

15 


That evaporation can be of essential influence is suggested by the 
table given (Boerlage and Broeze^). The cetene numbers of the gas-oil 
fractions obtained from different crude oils as well as the cetene numbers 
of the residue with its higher boiling point have been given. In many 
cases, the cetene numbers of these substances are essentially lower than 
those of gas oil (Table 122). 

Many substances that induce knocking in the Otto engine promote 
ignition in the Diesel engine. References to this are numerous in the 

' Pier, M., Paper read at the Convention of the German Academy of Aeronautical 
Research, Berlin, May, 1939. 

* Boerlage and Broeze, ‘‘The Science of Petroleum,” quoted p. 573. 
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literature; usually the same substances are mentioned that induce 
knocking — organic nitrites, peroxides, etc.; but there is no mention of 
whether such additions have proved effective in practical operation. 
Since the influence of additions on knocking can vary according to the 
constitution of the fuel, the same may be expected of Diesel oils. It 
stands to reason that the susceptibility of hard to ignite coal-tar oils 
is not very great (c/. the discussion of 
different lead sensitivity of gasolines, 

Chap. XII, pages 540^.). Further- 
more it should be considered that addi- 
tions of small quantities could, of 
course, influence only the chemical ^ 
reaction; but if the evaporation process J 
should be of importance in Diesel igni- 
tion, nothing can be changed by addi- 
tions of small quantities. 

Boerlage and Breeze^ give some 
numerical evidence of the effectiveness 
of additions. Figure 273 shows the 
influence of tetraline peroxide on the (TSHplrox^d 
cetene number of different Diesel oils. Fio. 273.— Effect of variously 

To a certain extent, Fig. 273 shows an -“iditiona of tetraiinepcroxido 

> » on the cetene numbers of various 

analogy to the effect of lead on paraffins Diesel fuels. {From Boerlage and 

(Chap. XII, pages The in- 

crease of the cetene number by the same addition is higher the higher the 
cetene number of the oil was. Table 123 shows a similar effect, namely, 
that of previous treatment with ozone; in this, formation of peroxide-like 
substances is probable. 



refrofinperoxytf 


Table 123. — Cetene Numbers of Various Diesel Oils (From Boerlage and 

Broeze) 


Before ozone treatment 
After ozone treatment. . 


51 

49 

44 

44 

40 

4 

70 

52 

70 

44 

46 

4 


4. Reaction-kinetic Treatment of the Ignition Process in the Diesel 
Engine. — For various reasons, a reaction-kinetic treatment of the ignition 
process in the Diesel engine offers difficulties. Very confusing conditions 
are created by the fact that a heterogeneous system has to be dealt with 
and that there are inside the jet core unevaporated cold fuel and no air; 
whereas toward the outside the relative influence of the air and tempera- 
ture becomes increasingly greater, and in the beginning fuel is still 

^ Boerlage and Broeze, "The Science of Petroleum,” quoted p. 673. 
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present in liquid form. Qualitatively this much is clear — and experience 
bears it out — that ignition will begin in a certain area of the jet (namely, 
in the vicinity of the edge) where fuel concentration is still high enough, 
simultaneously enough air is present, and conditions of temperature and 
drop evaporation are not too unfavorable. At all events, however, 
ignition takes place in a range where neither temperature nor fuel 
concentration is exactly known. Furthermore, at least in principle, a 
heterogeneous reaction cannot be completely ruled out; cf. the previously 
mentioned experiments (page 5f)9), especially those by Callendar and 
R.O. King. It is of importance that during evaporation the remaining 
droplets may be enriched by more easily ignited, higher boiling compo- 
nent parts. To be sure, we should like to assume that, under conditions 
of normal Diesel operation, conditions for heterogeneous reaction are 
not very favorable; for, with temperatures of perhaps 500°C and above 
in the gas, a steady, very active evaporation from the drop surface will 
take place. Thus exactly those molecules which could react at the border 
area are constantly removed from it. Moreover, because of this evapora- 
tion, the oxygen concentration in this border area must be relatively 
low or may even be practically zero (pages 57 iff.), A mathemati(;al 
treatment of droplet evaporation, as has been repeatedly tried, for 
instance, by Wentzel, (page 576), offers fundamental difficulties. 

Connected with the same problems is another basic difficulty. If a 
droplet moves relative to the surrounding air until it is completely evapo- 
rated, there will not be anywhere a consideral)le volume with compara- 
tively high fuel concentration. There will then be no opportunity at 
all for real ignition; although, in the high pressures and temperatures of 
the Diesel engine, fuel Avill react under unfavorable conditions and even 
cause the frequently observed (reported among others by Boerlage and 
Broeze) pressure rise just before the real ignition. To a certain extent, 
however, the same difficulty remains even if the drops evaporate in quiet 
air. If a drop of 10"^ cm radius evaporates in air which under normal 
conditions has been tenfold compressed, the fuel quantity is sufficient 
for a stoichiometric mixture in a sphere of 3.5 • cm radius, z.c., a 
very small sphere. For the auto-ignition of this very small sphere, 
considerations hold true analogous to those made with regard to heat 
explosion and spark ignition (page 47). Since heat is conducted by the 
imagined limits of this sphere to the surrounding air and since active 
particles present diffuse away from it to the air, there results for such a 
small volume, exactly as in the earlier examples, a very unfavorable, 
high ^Tgnition temperature,'^ which may be several hundred degrees 
higher than that calculated for larger volumes. Therefore an area in 
which an isolated little drop has evaporated is not suitable for ignition, 
but only those areas are suitable in which either larger drops or a number 
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of smaller drops have evaporated.^ Practically this is probably only in 
an area in which in close proximity a large number of small drops have 
evaporated, because their evaporation takes place more quickly than 
that of large drops. For a mathematical treatment of evaporation, 
that is likewise of importance ; for, in areas where many drops evaporate 
simultaneously, it cannot be assumed that there is an infinite surplus of 
air for every drop. The cooling of the air because of evaporation in this 
area should by no means be neglected. Since, as we have seen earlier 
(page 526), in a closed chamber any local cooling makes itself felt in the 
entire space, for practical operation this cooling (from the walls as well 
as from the jet) might well make a difference. Rothrock and Selden 
(cited page 589) proved (by the pressure decrease of 5 per cent) 
cooling in consequence of fuel injection in nitrogen (z.c., without oxida- 
tion reaction). Cooling through the incoming and evaporating fuel jet 
at the edges of the jet in which ignition starts has been measured directly 
by Lindner; it can assume considerable values 1()0°C. From this, it 
is directly clear that a transfer of reaction-kinetic relations from homo- 
geneous gas reactions to the ignition process in the Diesel engine is by 
no means permissible.^ 

Evaporation and oxidation of the fuel probably take place simul- 
taneously. Definite reaction-kinetic statements can be made at the 
outset only for borderline cases. Of all tlie factors cooperating in 
ignition in the Diesel engine — jet atomization, heating up of the drops, 
evaporation of the drops, and oxidation of the evaporated fuel — oxidation 
certainly shows the greatest temperat\ire dependence (apparent activation 
energy about 30 to 40 kcal; cf, pages 474, 475, and 448^.). If vapor 
pressure is the decisive value for droplet evaporation, a much smaller 
temperature dependence results (apparent activation energy 10 kcal), 
and the other influences show an even smaller dependence on tempera- 
ture (at the most, corresponding to a low power of absolute temperature). 
In consequence, the following can be predicted with certainty: The 
chemical reaction characterized by the highest temperature coefficient 
must proceed so quickly at high temperature that the observed ignition 
delay becomes practically independent of it; whereas, conversely, at 
low temperatures its speed is so slow that it alone determines the time.® 
The range in which chemical reaction alone determines the time is 
practically reached probably only in the case of hard to ignite coal-tar 

1 One reason for this is that the combustion could not spread from there to the 
surroundings even if it had started. 

* Lindner, W., Paper read at the Convention of the German Academy of Aero- 
nautical Research, Berlin, May, 1939. 

* W. Jost, paper read at the VDI Convention Motor und Kraftstoff, Augsburg, 
September, 1938; published in Proc. Ver. deut. Ing. 
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oils; whereas it seems that, with easily igniting gas oils, the range is 
easily reached in which ignition delay becomes practically independent 
of reaction velocity. This follows from the frequent findings that, above 
a certain cetene number 55 to 70), the observed ignition delay 
becomes independent of the cetene number. 

Experiences in the engine and in research bombs agree well with 
these statements. In Fig. 274, we give Miiller’s^ experimental results 
of gas oil, soft-coal tar oil, hard-coal tar oil as well as of pure cetene and 
a-methyl naphthalene. For the given ignition delay, the values obtained 
for lower temperatures are smaller than those of other authors, which 



(ZQndvcrzug = ignition delay) 

Fio. 274. — Ignition delays in the ignition of various oils in an exi>erimental bomb with 
an air density of 10 kg m*. 1, cetene. 3, a-mothyl naphthalene. 6, gas oil. 8, soft-coal 

tar oil. 14, hard-coal tar oil. {From R, MiUler.) 

must be due to the method employed. Independent of a correction 
that may be necessary for the temperatures, however, the following 
statements are true: Gas oils and soft-coal oils fall into one group, with 
only slightly deviating ignition delays, together with the standard fuel, 
cetene; whereas hard-coal tar oils (essentially of aromatic character) 
behave like a-methyl naphthalene. Since temperature dependence is 
different for the individual substances, partial overlapping, as observed 
elsewhere, may occur. Figure 274 shows that, with higher temperatures 
— in gas oils and soft-coal tar oils from 400°C on — temperature 
dependence of the ignition delays is only extraordinarily small, smaller 
by far than it should be if it were conditioned by a chemical reaction. 
This observation, which is generally made — even though sometimes only 
with higher temperatures — may be explained by the fact that, with 
sufficiently high temperatures, the chemical reaction occurs so quickly 


1 MCller, R., Kraftfahrtechniache Forschungsarbeiten, 3, 1 (1936). 
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that it piactically no longer pla 3 rB a role in the velocity. This becomes 
even clearer from the graphs in Fig. 275, where (again according to 



(t ftlr . . . nach Wolfer = i. for E .. . according to Wolfer) 

Fig. 275. — Logarithmic presentation of the experimental results of Muller (log of 
ignition delay, r, against reciprocal absolute temperature); also, experimental results of 
Wolfer (p. 678). Given in the figure are the apparent activation energies E, which result 
from the various curve slopes. 


Miiller’s experiments) the logarithms of the ignition delays of cetene and 
a-methyl naphthalene are plotted against the reciprocal absolute tem- 
perature. With low temperatures, 
temperature dependence prevails, as 
corresponds to chemical reaction. 

From the slopes of the curves, values 
of apparent activation heats of 35 
kcal for cetene and ^ 50 kcal for 
a-methyl naphthalene result, which 
correspond approximately to the 
activation energies found otherwise 
for aliphates and aromatics (page 
475). As the limiting value of acti- 
vation energy for higher tempera- 
tures, values of only ^ 1 kcal are 
found; that is so little that a 
chemical reaction cannot possibly be 
responsible for it. 

The ignition delay decreases with increasing pressure, and it decreases 
a little more than with the inverse first power of compression.^ Figure 



( ZUndverzug =» ignition delay \ 

Druck p der Verbreuinmgsliift «■ pressure p 1 
of the combustion air / 

Fig. 270. — Dependence of the ignition 
delays of a Diesel oil on pressure. (From 
Wolfer, p. 578.) 


^ Schmidt, F.A.F., and H.H. Wolfer, Ver, deuU Ing. Forsch, 392, 1938. 
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276 shows experimental values by Wolfer. The pressure dependence 
of the ignition delay corresponds to about 

6. Further Reaction-kinetic Observations on Combustion in Diesel 
Engines. — The deal combustion process in the Diesel engine would pre- 
suppose that the ignition delay could be neglected and that the further 
combustion takes place exactly to the degree that the fuel is injected. 
Any delay of reaction upon injection means a loss of useful pressure and 
thus of efficiency. These questions have been theoretically as well as 
practically treated, especially by K. Neumann.^ Conversely, Neumann 
also deducted the chronological course of the reaction velocity from the 



/Kurbolwiukei = crank uiik1c\ 

\l»zw. = or / 

Fig. 277. — Kinetic analysis of the course of combustion in the Diesel engine, p and T 
measured pressure and avoiagc toinperaturo as a function of the (;rank angle; E and Z 
apparent activation energies and shock numbers of the chemical reaction derived from 
them. Zq would be the determining shock number with completely evaporated and 
thoroughly mixed fuel. {From K. N cumann.) 

indicated pressure course in a Diesel engine when the injection law is 
known. The course of the reaction may be analyzed only if a simplified 
kinetic law is assumed; bimolecular reaction between (homogeneously 
distributed, gaseous) fuel and air-oxygen is indicated by Neumann. 
This assumption is, of course, not fulfilled in reality, but the comparison 
Df the velocity constants computed for it with those to be expected for a 
gas reaction of the second order allows conclusions as to the conditions 
in the engine. Figure 277 shows the measurements derived by Neumann 
from an actual engine. From the empirical reaction velocities, ‘‘con- 
stants^’ for reaction of the second order have been computed; these, 

1 Neumann, K., Forsch. Gchiete Ingw. 5, 171 (1934); 7, 57 (1936); also the paper 
read at the convention of the German Academy of Aeronautical Research, Berlin, 
1939; published in Schriften deut, Akad, Luftfahrtforsch. 
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written down in the form of shock number times Boltzmann factor 
(with use of empirical temperature dependence) and the value of the 
apparent shock numbers Z and of the apparent activation energies 
are represented in Fig. 277. Corresponding to the small temperature 
dependence of the reaction velocity found (1 to 7 per cent velocity 
increase for 10 per cent temperature rise), the apparent activation energies 
in a wide range are very low and are — ^like the shock number^’ — by no 
means constant. All this can be correctly understood only if a homo- 
geneous gas reaction is not present. Here again the same situation that 
played a role in the ignition process becomes apparent, namely, droplet 
evaporation and mixture formation cannot be neglected in the total 
process.^ The fact that the shock number calculated from the kinetic 
equation remains lower by 10^ below the gas-kinetic value is the same as 
is apparent in Wolfer^s and F.A.F. Schmidt ^s equations for the ignition 
delay. It must apparently come from the fact that drop evaporation 
and mixture process determine the velocity to a great extent.® If 
we therefore intend to increase reaction velocity (and thus efficiency), 
we should work mainly for better mixtures. That, essentially, is also 
Neumann^s reasoning. 

Spectroscopic investigations show' also that combustion in the Diesel 
engine largely takes place with inadequate mixture. In combustion of 
well-mixed fuels with air, with not too much fuel excess, the usual band 
spectra are obtained (Ciiap. VII). In not thoroughly mixed gases, we 
obtain, just as in the Diesel engine in consequence of carbon deposit, 
a continuous temperature brightness.^ 

In this connection, we refer to Rothrock and Selden,^ especially also 
Fig. 271, page 579, which show's the long post-combustion periods 
observed in fast-running Diesel engines; the authors regard the avoidance 
of this long post-combustion as the most important single factor in the 
development of the Diesel engine. In this, the time-de(;iding factor is 
probably the mixture (not the evaporation, according to Rothrock and 
Selden). Thus it is chiefly constructional features that can lead to 

^ In evaluating the results in Fig. 277, it must, of course, bt; kept in mind that in 
computation only average t(‘Tn})eratures can l)e \ised and these may vary widely 
locally; that fuel and oxygen concentration are subj(H!t to wid(i local variations need 
not be especially stressed. Local combustion temperatures in Diesel engines have 
meanwhile been optically measured by K. Neumann, in a paper read in German 
Academy of Aeronautical Research. 

* Since the comburtion process is certainly not a simple bimolecular reaction, 
agreement with the theorc^tical equation need not prevail from the start; but, in the 
cases of a gas reaction with chain-branching, deviations would be expected exactly 
in the opposite direction — shock numbers apparently too high. 

* Cf. in this connection Neumann, quoted p. 587; also Beck, G., and C. Eirchsen, 
Ver. deut. Ing. Forsch.j 1936, p. 377. Karde, K., Dissertation at Hanover, 1936. 

* Rothrock, A.M., and R.F. Selden, Chem. Rev., 22 (1938). 
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improvement, not those concerned with the combustion process or the 
fuel. 

We should like to assume, anyway, that progress of the Diesel engine 
will not depend to the same extent as in the Otto engine on the achieve- 
ments of the fuel chemist. That has its deeper reason in the fact that 
the same factors that increase performance, especially the increase of 
the compression ratio, influence combustion behavior in the Diesel 
engine favorably; whereas in the Otto engine they have an unfavorable 
effect on knocking. If, therefore, the creation of high-grade fuels is 
decisive, it seems to be fundamentally possible that in the Diesel engine 
all problems will be solved from the purely constructional approach.' 

^ For example, the combustion of hard-coal tar oil in Diesel engines is possible by 
means of purely constructional measures which, in the last analysis, bring about an 
increase in temperature (rf. Zinner, quoted p. 571). 
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sion, 10 

B 

Batswing burner in industrial firing, 
215-218 

Benzaldehyde, 380, 467, 470 
Benzoic acid, 470 
Benzol, 461, 463, 465 
absorption spectrum, 399 
auto-ignition at higher pressures, 475, 
487 

disintegration constant, 396 
ignition limits in air, 132 
knocking behavior, 525, 538, 546, 
558, 564, 567 

maximum combustion velocity in 
mixture with air, 122 
oxygen mixture, detonation velocity, 
179 

reaction with atomic hydrogen and 
oxygen, 372 

Benzol hydrocarbons, oxidation, lumi- 
nescence and cold flames, 438, 440 
Benzol oxidation, course of reaction, 
466-469 

induction period, 467 
reaction products, 467 
Benzyl acetylene, 558 
Benzyl alcohol, 470 
Benzyl radicals, 471 
Black body, emission capacity, 235 
Boltzmann factor, 254 
Bomb explosions, 136-159, 238 
Bond energies, 395 
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Branching probability in chain reactions, 

Breaking of the gas flow in the Bunsen 
flame, 79-80 

Breaking probability in reactions with 
chain branching, 268^. 

Bromine, and hydrogen reaction, kinet- 
ics, 258-264 

influence of, on oxygen-hydrogen com- 
bustion, 303 

Bunsen burner, 69, 70, 223 
composition of the intermediate gas, 
236, 237 

Bunsen flame, color, 233 

influence of secondary air, 236 
temperature measurement, 223 
tip of, 75-77, 85, 127 
Bunsen method for measuring combus- 
tion velocity, 66 

Burner dimensions, influence of, on the 
height of a diffusion flame, 213 
Burning surface, 65 
in the Bunsen flame, 74-89 
in tubes, 93/. 

Burning zone, 76 

in diffusion flames, 211 
propagation with ordinary flame and 
in detonation, 172 
structure, 106-108, 115-120, 134 
temperature distribution, 107, 108 
temperature measurement, 222 
thickness, 108, 109 

Butane (and isoinc^res), an to- ignition 
at higher pressures, 475-478 
disintegration constant, 396 
knocking behavior, 559 
oxygen-mixtures, detonation limits, 
184 

oxygen- (nitrogen-) mixtures, detona- 
tion velocity, 179 

Butane oxidation, induction periods, 
450-452 
Butanol, 559 
disintegration, 396 
Butyl-amyl ether, 559 
Butyl benzol, 558 
isom. -Butyl-butyl ether, 559 
Butyl cyclohexane, 557 
Butylene, 478 
Butyraldehyde, 441, 442 
absorotion spectrum, 399 


Butyraldehyde oxidation, gross reactionl^ 
456 

intermediate products, 456 

Butyraldehyde peroxide, 646 

C 

Cadmium, 548 

Camera for measuring detonation veloci- 
ties, 178 

Candle flame, 209 

Capacity components in spark ignition, 
346, 355-356 

Cirradical in hydrocarbon combustion, 
367 

spectrum, 231-234 

Carbon dioxide, influence of, on carbon 
monoxide combustion, 334 
on ignition temperatures, 37/. 

Carbon disulphide, maximum combus- 
tion velocity in mixture with air, 122 

Carbon disulphide flame, spectrum, 235 

Carbon disulphide oxidation, cold flames 
and luminescence, 235, 239, 437 
explosion limits, 290 

Carbon disulphide-oxygon mixture, auto- 
ignition at higher pressures, 473, 
474 

detonation velocity, 179 
ignition limits in air, 132 
ignition temperature, 43 
oxygen- (nitric oxido-)mixtures, reac- 
tion, 162 

Carbon monoxide-air mixture*, combus- 
tion velocity with, air- (oxygen-) 
mixtures, 68, 122 
ignition temperatures, 40/., 332 
335 

hydrogen-oxygen- (air-)mix turns, 
detonation limits, 182, 183 
oxygen flame, spectrum, 231 
oxygen mixture, detonation, 179, 
180, 200 

oxygen- (air-)mixture8, flame tem- 
perature, 223 
varying H 2 O content, 121 
ignition limits in air and oxygen, 110, 
129-132 

Carbon monoxide combustion, catalytic 
reaction, 333 

dependence on antecedents, 334 
in electrical discharges, 349/. 
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Ciurbon monoxide combustion, explosion 
limits, 331—334 

ignition of the dry mixture, 331 
influence of, dimension of the con- 
tainer, 333 

foreign gas additions, 334 
mixture composition on the explo- 
sion limits, 332 

water vapor addition, 121, 238, 
331/. 

luminescence, 237, 238, 437 
mechanism, 342 
NO-formation, 337-339 
reaction outside the explosion limits, 
334 

rise in pressure, 157, 158 
spectroscopic investigation, 336-342 
Carbonic acid, absorption bands, 230, 
231, 336 

Catalysis in oxygen-hydrogen reaction, 
292, 308 

in ignition by heated surfaces, 22, 25 
negative, 380 

Catalytic oxidation of hydrocarbons, 
367 

Cathode material, influence of, on con- 
version in electrical discharges, 349/. 
Cetane, 582 

Cetene, 568, 580-584, 586 
Cetene number, 580-584, 586 
CFll engine, 536 

CFR-engine process for fuel testing, 536 
CFR-research method for fuel testing, 
536 

Chain branching, 264-281 
in the gas phase, 276 
influence of pressure, 269, 270 
reaction order, 277, 279, 281, 327 
at the wall, 276 
Chain breaking, 259, 266/. 
in the gas phase, 271-280, 289, 291 
reaction order, 277, 279, 281, 327, 328 
at the wall, 269-280, 285 
Chain explosion, boundary conditions, 
267, 268 

development in time, 281-283 
examples, 283-291 
form^ relations, 266-268 
{See also specific substances) 

Chain induction, 259 
at the wall, 291 


Chain reactions, 258-291 
in non-thermal spark ignition, 364 
Chain scheme and reaction equation, 
261, 262 

Chain thermal explosion, 271, 283 
Chemiluminescence, 219, 229, 235-241, 
324, 336 
light yield, 239 

Chlorine, hydrogen mixtures, pressure 
rise in bomb explosions, 188 
ignition range of the system, H 2 — 
NO— CL 2 , 134 

influence of on oxygen-hydrogen com- 
bustion, 303 

Chlorine-monoxide, disintegration and 
explosion, 20 

Chlorine-oxygen-hydrogen explosion, 290, 
317 

CH-radical in hydrocarbon combus- 
tion, 367 

spectrum, 231-233 

Chrono-electrical recording of flame 
movements, 161 

Coal dust, thermal explosion, 14 
Coal tar oil, 571, 577, 590 
Cold flames, pressure and temperature, 
444, 445 

and auto-ignition, 475-485 
and chain reactions, 453, 454 
critical pressure limits, 447-448 
in the engine, 437, 441 
of hydrocarbon-air- (oxygen-) mix- 
tures, 234 

in hydrocarbon combustion, 368, 
378, 437-471 

of hydrocarbons, spectrum, 230, 
234 

with hydrogen- or oxygen-atoms, 
231 

induction periods, 449-453 
and luminescence, 235, 437-471 
transition to explosion, 451-453 
velocity, 439, 482 
Combustion, definition, 1 
Combustion velocity {see Normal com- 
bustion velocity) 

Combustion velocity and compression 
ratio in the Otto engine, 505 
Composition limits, 13 
Compression ratio, critical, 538, 556-569 
Compression ratio and combustion ve- 
locity in the Otto engine, 505 



SUBJECT INDEX 


Ck>nstant pressure bomb, 65-^8 
Constant volume process, 572, 573 
Convection, influence of on ignition 
limits, 128 

Cooling in engine combustion, 526 
Crude oils, 583 

Cyanogen-oxygen- (nitrogen-) mixtures, 
detonation velocity, 180 
Cyclical hydrocarbons (see spcciflc sub- 
stances) 

Cyclical-process temperatures for the 
Otto engine, 503 
Cyclohexadiene, 465, 558 
Cyclohexane, disintegration constant, 
397 

ignition limits in air, 132 
maximum combustion velocity in 
mixture with air, 122 
oxidation and knocking behavior, 
462, 465, 466, 475, 507, 537, 547, 
557, 563 

Cyclohexene, 439, 465, 558 
Cyclopentadiene, 558 
Cyclopentane, 557 
Cyclopentene, 558 

Cyclopropane, ignition limits in air 
and oxygen, 111, 132 
Cymol (methyl-i-propylbenzol), 558 

D 

Davy's safety lamp, 102 
Deactivation, 259 ff., 271^., 291 
Decahydronaphthaline, 557 
Decane, 462 

Dehydration of hydrocarbons by H- and 
D-atoms, 372 
Detonation, 64, 159-209 
beginning of, 160-162, 196 
flame path up to beginning, 186, 187 
influence of, additions, 176, 177, 179, 
180, 190-192 

the change in diameter of the tube, 
185, 186 

external factors, 185-188 
and knocking process, 517-521 
origin, 197, 199 

and reaction velocity, 172, 173, 174, 
179-181, 207-209 
static, 170 

theory, 163-173, 201-209 
Detonation limits, 173, 182-185 
measurement, 178 
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Detonation photojgraphs, 162, 19^198, 
200, 207 

Detonation pressures, 188-189 
during the origin of a detonation 
wave, 189 

Detonation velocity, experimental deter- 
mination of, 173-182 
influence, of the pressure, 187 
of the temperature, 186 
numerical values, 174, 177, 179, 180, 
181 

Detonation wave, 164^^^. 
energy supply, 208 

coupling with combustion, 199, 
207-209 

reaction in the front, 207-208 
stability, 204-211 
Deuterium, combustion, 301 
Deuterium atom, reaction with hydro- 
carbons, 373 

Diacetyl, absorption spectrum, 399 
Diacctyl peroxide, 387 
Dialkyl monohydroxyperoxide, 545 
Dialkyl peroxide, 545 
Dibenzyl, 470 
Dibutyl ether, 442, 559 
Dicyclopentadiene, 558, 563 
Diesel combustion, heterogeneous reac- 
tion, 583 
spectra, 233, 589 
Diesel engine, 430, 571-590 
after-burning, 580, 589 
demands on the fuel, 571 
diffusion processes, 576 
heterogeneous reaction in combustion, 
583 

injection process, 574-576 
knocking, 571 

mixture formation, 574, 575, 588 
reaction kinetics of the ignition process, 
583-588 

course of combustion, 573-580 
evaporation of droplets. 575-577, 
589 

ignition delay, 571, 57Sff. 
ignition of isolated droplets, 585 
ignition process, 572-590 
working method, 572-573 
Diesel fuels, determining ignitibility, 
580-583 

Diesel indices, 581 
Diethyl benzol, 558 
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Diethyl cyclohexane, 557 
Diethyl ether, combustion velocity in 
mixture with air, 122 
detonation, 184 
disintegration, 398 

ignition limits in air and oxygen, 
no, 132, 482 

ignition temperature, 45, 481 
oxidation, 442, 465, 473, 479-481 
Diethyl hexane, 555 
Diethyl peroxide, 462-464, 545, 546 
Diethyl selenide, 567 
Diethyl telluride, 567 
Diethylamino, 383 
Diffusion of active particles, 117 
in the Bunsen flame, 76, 84 
in the burning zone, 115-117 
in combustion in tubes, 98 
in flame propagation, 105J. 
in flames of non-prcmixed gases, 210- 
218 

in ignition by heated surfaces, 24, 32 
influence in reactions with chain 
branching, 269-280, 309 
kinetic theory, 249 
in spark ignition, 47, 48, 364 
Diffusion flames, 210-213 
Dihydroxy-alkyl peroxide, 545 
Dihydroxy-ethyl benzol, 409 
Di-isobutylene, 466 
disintegration constant, 39() 
Diisopropyl ether, 442, 559 

auto-ignition at higher pressures, 483 
Dimethyl butadien, 555 
Dimethyl butane, disintegration con- 
stants, 396 

Dimethyl cetenc, absorption si)ectrum, 
399 

Dimethyl cyclohexane, 557 
Dimethyl eyclopcntane, 557 
Dimethyl fulvene, 558 
Dimethyl hexane, 457, 498 
Dimethyl octane, 555 
Dimethyl pentane, 555 
Dimethyl pentene, 555 
Diolefins, 555 

Dioxydimethyl peroxide, 407, 434 
Dipentene, 558 

Diphenyl, formation in sooty flames, 232 
Diphenylamine, 383 

Discharges in explosive mixtures, 348- 
364 


Discharges in explosives, spectroscopic 
observations, 354, 355 
Disintegration constants of paraffins, 396 
Dispersion of sound velocity, 175 
Dissociation, degrees of, in case of H 2 , 
O 2 , H 2 O, 323 

influence of, on efficiency of Otto 
engine, 502, 507 
on flame temperatures, 224 
on knocking tendency, 534 
Divinylether, ignition limits in air and 
oxygen, 111, 132 
Dodecane, 465 

Double bond, influence of on reactiona- 
bility, 439 

Double bond rule, 395 
Double impact associations of organic 
radicals, 393 

Dynamic method for measuring combus- 
tion velocity (see Gouy^s method) 

E 

Efficiency and compression ratio in the 
Otto engine, 500-505 
Efficiency of the Otto engine with 
knocking combustion, 528-532, 540 
Electrical fields, influence of, on detona- 
tion, 201 

on flame propagation, 364 
Emission and absorption ability, deter- 
mining flame temperatures, 222, 
223, 235 

Energy chains, 268 

in carbon monoxide combustion, 342, 
343 

Energy distribution, 25lff. 

distribution function for gases, 254, 
255 

Energy exchange between vibration and 
translation movement, importance 
of, for detonation, 175 
Engine, cold flames, 435, 439 
combustion, 240 
heat conduction, 240, 534-536 
maximum temperature, 240 
radiation and temperature, 239-241 
spark ignition, 360, 361 
temperature measurement, 240 
turbulence, 240, 506 

(See also Otto engine and Diesel 
engine) 
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Engine combustion^ absorption and emis- 
sion spectra, 542-544 
catalytic reactions, 542 
Entropy in the stable detonation wave, 
203, 204 

Equilibrium constants of dissociation 
reactions, 322 

and reaction velocity, 257, 258 
Ethane, auto-ignition at higher pressures, 
480, 484, 485 

disintegration constants, 396 
ignition limits in air and oxygen, 110, 
132 

knock behavior, 555, 559 
oxygen mixture, detonation velocity, 
179 

reaction with atomic hydrogen, 372 
Ethane oxidation, explosion limits, 425 
induction period, 424^. 
influence of additions, 21, 424, 426, 427 
intermediary products, 425 
methanol and ethanol formation, 377 
reaction mechanism, 426, 427 
reaction products, 370, 424-425 
reaction v(4ocity, 423-425 
wall influence, 424, 425 
Ethanol, 422, 424, 432, 466, 485 
auto-ignition at higher pressures, 485 
formation in ethane oxidation, 377 
ignition limits in air, 132 
ignition temperature, 43, 441, 485 
knocking behavior, 546, 560, 567 
luminescence, 440 

oxygen- (nitrogen-) mixtures, detona- 
tion velocity, 179 
Ether, 473, 474 
knocking behavior, 559 
Ether oxidation, luminescence and cold 
flames, 230, 234, 436jf. 

Ethyl azide, disintegration and explosion, 
10, 19 

Ethyl benzol, 468-470, 549 
Ethyl cyclohexane, 557 
Ethyl cyclopentane, 557 
Ethyl ether, 441, 473 
maximum combustion velocity in mix- 
ture with air, 122 

ignition limits in air and oxygen, 111, 
481 

Ethyl fluid, 443, 540, 567 
Ethyl gasoline, 547 
Ethyl hexane, 457 


Ethyl iodide, 387, 489, 549, 567 
Ethyl pentane, 555 
Ethyl pentene, 555 
Ethyl propionate, 390 
Ethylene, 289, 290, 425 
absorption spectrum, 399 
auto-ignition at higher pressures, 487 
ignition limits in air and oxygen, 111, 
132 

knocking behavior, 555 
maximum combustion velocity in mix- 
ture with air, 122 

oxygen mixtures, detonation pressures, 
189 

temperature influence on detona- 
tion, 186 

oxygon- (nitrogen-) mixtures, detona- 
tion velocity, 179, 181 
reaction with atomic hydrogen, 372 
Ethylene bromide, 443, 567 
Ethylene dibromide, 540 
Ethylene flame, spectrum, 233 
Ethylene glycol, 406 

Ethylene oxidation, induction period, 
408, 409 

influence of foreign gas additions, 406, 
409 

intermcidiary products, 408-409 
luminescence, 440 
reaction mechanism, 409, 410 
reaction products, 370, 406, 408 
reaction velocity, 408, 409 
wall influence, 406 
Ethylene oxide, 406, 408, 409 
ignition limits in air, 132 
ignition range of th(^ system ethylene- 
oxide-air-COa, 135 
Ethyl-isoproi)yl etluT, 559 
Ethyl-sec.-butyl-ether, 559 
Ethyl-tert.-amylether, 559 
Ethy 1-tert .-bu ty 1-etiier, 559 
Exchange reaction, 373 
Exhaust gases, path in detonation, 205 
velocity, 160 

Experimental engine for flame pictures, 
515 

Explosion, adiabatic and almost adia- 
batic, 18 

in closed containers, 136-159 
compression effects, 138 
cooling curve, 139 
flame pictures, 139, 140 
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Explosion, in closed containers, gas vibra- 
tions, 142, 143, 144, 159 
pressure recording, 142, 144/. 
pressure rise, 149/. 
schlieren photographs, 140, 142 
temperature drop in the burned gas, 
137, 138, 149/. 
theory, 136 

conditions for, in reactions with chain 
branching, 266/ 

generalized according to Semenoff, 

16 

definition of, 280 
degenerate, 405, 428 
at high initial pressure, 157, 158 
influence of foreign gas additions, 270/. 
in open containers, 90-106 
propagation, 60, 135 
reaction and heating velocity, 15 
in reaction of the ^‘zero order, 15 
suppression, 14, 133 
as a thermal phenomenon, 3 
Explosion-endangered industries, use of 
electrical equipment, 99 
Explosion equations, 14/ 

Explosion limits, definition of, 7, 12-13 
methods of determining, 293, 331, 333 
in reactions with chain branching, 269- 
280 

(See also Ignition temperature and 
Explosion pressure) 

Explosion pressure, critical, 7 

in reactions with chain branching, 274 
Explosion prevention, 133 

F 

Farnboro indicator, 530, 531 
Fatty acids, 437/., 456 
Firedamp, 25, 56/ 

Flame, definition of, 60 
Flame form in diffusion flames, 210-211 
Flame front, form, 94 
and percussion wave, 198 
(See also Burning zone) 

Flame height in diffusion flames, 213, 214 
Flame penetration, prevention of, 102, 
103 

Flame propagation, 62/ 
in chronoelectrical recording, 161 
in closed containers, 136-145 
heat conduction, 125-126 


Flame propagation, overlapping of vibra- 
tions, 93, 103-106, 161, 162 
photographic recording, 65-68, 91/., 
161/ 

stability, 103, 106 
theory, 106-120 
uniform, 92 

Flame-splitting tube, 84, 85, 236 
Flame temperatures, 219-241 
computation, 225-228 
example of, 226-228 
measurement, 218-224 
Flame velocity, 62/, 160/ 
and bending the burning surface, 126, 
127 

dependence on wall material, 100- 
103 

effect of gravity, 94 

influence of, narrowing the tube, 158 

and normal combustion velocity, 62 

in the Otto engine, 506 

and pressure rise, 145/ 

in tubes, 91/ 

Flames of non-premixed gases, 62, 210- 
218 

experiments on models, 216 
flow conditions, 214-218 
mixing process, 214-227 
Flow processes (see Gas flow) 
Formaldehyde, 396, 406, 411, 416/, 422, 
429, 4k, 436, 437, 543, 551 
absorption spectrum, 234, 399 
auto-ignition at higher pressure, 478, 
484 

disintegration, 396 
fluorescence spectrum, 234 
intermediary product of hydrocarbon 
combustion, 378, 466, 491-493 
reaction product in hydrocarbon com- 
bustion, 368 

Formaldehyde oxidation, chain reaction, 
378 

photochemical reaction, 379, 380 
reaction mechanism, 379 
reaction products, 379 
Formic acid, 406, 407 
Free length of path, 249 
Freedom, degrees of, 256 
Frequency, influence of, on the igniti- 
bility of electrical discharges, 354 
of the oscillations in combustion in 
tubes, 103-106 
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G 

Gas flow in the Bunsen flame, 74, 79-^ 
in detonation, 172 
in diffusion flames, 211, 213 
in the engine, 240, 506, 526 
in industrial firing, 215-218 
in the progression of explosions, 66, 93, 
101, 136, 142, 144, 145 
Gas oil, 577, 582 

Gas phase deactivation, 269^., 291, 300 
Gas temperatures, measuring technique, 
219 

Gas vibrations, in combustion processes, 
92, 103-106, 142, 143, 159, 161, 162, 
569 

in knocking combustion, 521-523 
Gasoline, ignition temperature, 45 
Glow discharge, 349 
Glyoxal, 390-393, 401, 403, 406 
absorption spectrum, 399 
oxidation product of acetylene, 390, 
391 

Glyoxal acid, 390 

Glyoxal oxidation, induction period, 390, 
391 

reaction products, 390 
surface influence, 391 
Gouy^s method for determining normal 
combustion velocity, 70^., 84-90 
Gravity, influence of on flame velocity, 94 

H 

Half-life period (radioactive period), 
244 

HCO-radical in hydrocarbon combustion, 
367, 373, 374, 490, 491 
spectrum, 233, 234 
Heat conduction in auto-ignition, bff. 
in the Bunsen flame, 77, 78 
in the engine, 240, 526, 532-534 
in explosions in tubes, 95 
kinetic theory, 249 
in percussion waves, 164 
in spark ignition, 47 jj., 364 
Heat conduction error in measuring 
flame temperature, 219 
Heat production, 258 
Heat theory, of flame propagation, 106- 
113 

of incipient explosions, 2-32 
of spark ignition, 46-54 


Heating velocity, 10 

Helium, influence of, on oxygen-hydrogen 
combustion, 298, 299 
Heptaldehyde, 455, 456 
Heptane (and isomeres), 444, 526, 538, 
555, 559, 564, 581 

auto-ignition by adiabatic compres- 
sion, 472-475 

at higher pressures, 475, 478, 485 
Heptane oxidation, course of the reac- 
tion, 244, 457-459, 461-462 
luminescence and cold flames, 439, 461, 
462 

n-Heptane, disintegration constant, 396, 
397 

Heptene, 465 
Heptine, 465, 556 
Heptyl alcohol, 441, 456 
Heptylene, 507 
Hexfidiene, 555 

Hexane (and isomeres), 460, 462, 465, 
475, 478, 487, 547, 555, 559 
auto-ignition at higher pressures, 475, 
478, 487 

disintegration constant, 396, 397 
ignition limits in air, 132 
maximum combustion velocity in mix- 
ture with air, 122 

Hexane oxidation, luminescence and cold 
flames, 439 

Hexene (and isomeres), 465, 555 
HOz-radical in oxygen-hydrogen combus- 
tion, 326, 328, 490, 491 
reactions, 317, 318 
Hugoniot-equation, 166 
curve, 80, 167 

Hydrocarbons, absorption spectra, 399- 
400 

auto-ignition at higher pressures, 471- 
485 

catalytic oxidation, 367 
combustibility relative to H 2 and CO, 
370 

disintegration, 394-398 
H-atom exchange, 372 
hydration and dehydration by H- and 
D-atoms, 373 

ignition by adiabatic compression, 471- 
485 

induction periods for ignition by adia- 
batic compression, 471-473 



'612 EXPLOSION AND COMBUSTION PROCESSES IN GASES 


Hydrocarbons, influence of, on the flame 
velocity in oxygen-hydrogen and 
carbon monoxide, 374, 375 
luminescence in attack by 0-atoms. 488 
oxidation stability and size of molecule, 
368 

reaction with atomic hydrogen and 
oxygen, 371-373, 485, 489 
slow oxidation, 367, 374-468 

Hydrocarbon combustion, 367-499 
aid of radicals, 367, 485^. 

autocatalytic reaction, 367, 376 
chain reaction, 368, 490Jf, 
course of conversion and reaction 
velocity, 376 
explosion limits, 368, 388 
induction period, 367, 376, 377 
influence of additions on the induction 
period, 367 

intermediary products, 373, 377, 378, 
490 

luminescence and cold flames, 368, 
378, 437-470 

negative temperature coeflicient of the 
reaction velocity, 368 
normal (iombustion velocities, 375 
Norrish pattern, 404, 405, 485 
reaction prodmds, 367, 370 
spectroscopic observations, 229J/'., 371- 
375 

theory, 485-496 

Hydrocarbon molecule, point of primary 
attack, 497, 498 

Hydrogen, adsorption and absorption, 
311-313 

carbon monoxide-oxygen- (air-) mix- 
tures, detonation limits, 182, 184 
chlorine mixture, pressure rise in 
bomb explosions, 188 
detonation velocity in mixture with O 2 
and Na, 174 

favored combustion, 370 
ignition limits in air and oxygen, 111, 
129-132 ‘ 

ignition range of the system NHj — 
Ha— O 2 , 134, 135 
Ha— NO— CI 2 , 134 

influence on ignition temperatures, 
42Jf. 

maximum combustion velocity in mix- 
ture with air, 123 


Hydrogen, oxygen mixtures, detonation 
pressure, 189 

flame path up to inception of detona- 
tion, 186 

influence of temperature on detona- 
tion, 186 

pre-detonation path, 190 
oxygen- (air-) mixtures, detonation lim- 
its, 184 

pressure rise in (ixplosion in mixture 
with air and CO, 156 
(See also Oxygen-hydrogen) 
Hydrogen atom, presence in oxygen- 
hydrogen combustion, 321-330 
reaction with hydrocarbons, 371^. 
reactions, 316-318 

role, in hydrocarbon combustion, 367, 
371J7. 

in reactions in discharges, 352 
Hydrogen flame, spectrum, 229 
Hydrogen phosphide oxidation, 290, 291 
explosion limits, 290 

Hydrogen sulphide-air mixture, explosion 
limits, 290 
ignition limits, 132 
ignition temperature, 45 
reaction with oxygen, 20 
Hydrogen superoxide, 407, 409, 417, 434, 
435, 496 

production in atomic, reactions, 318, 
319 

in oxygen-hydrogen combustion in 
discharges, 349 

reaction product in hydrocarbon com- 
bustion, 367 

Hydrogen-air mixtures, flame tempera- 
ture, 223 

ignition by heated pellets, 30 
ignition temperatures, 

Hydroxilations in hydrocarbon combus- 
tion, 370, 393 

Hydroxy-methyl-acetyl peroxide, 545 
Hydroxytoluol, 470 

I 

IG testing engine, 536 
Ignitibility by various forms of discharge, 
348, 354Jf. 

Ignition, by adiabatic compression, 19, 
33J7., 471Jf. 
definition of, 4 
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Ignition^ forced, 19 
by heated surfaces, 22-33 
penetration through narrow slit, 101 
by sparks, 47-59, 346-366 
Ignition delay, 36/. 
in the Diesel engine, 571, 577 ff. 
influence of temperature, 577, 585, 
586 

in spark ignition, 156 

(See also Induction period) 

Ignition energy, 128 
Ignition limits, 13, 64, 84, 124-135 
dependence of, on pressure, 129-131 
on spark energy, 359 
on temperature, 129 
on type of ignition, 128 
determination of, 128, 129 
of fuel-air and fuel-oxygen mixtures, 

no 

influence of additions, 133-135 
of mixtures, 131, 132 
in spark ignition, 128 
Ignition point, 548-550 

{See also Ignition temperature) 
Ignition point tester, 485, 569, 580 
Ignition process in the Diesel engine, 
reaction kinetics, 583-587 
Ignition ranges, narrowing and widening 
of by pressure, 129-131 
ternary, 134, 135 

Ignition temperature, definition of, 3, 7, 
113 

experimental material, 32-45, 292ff., 
331, 367 

Ignition velocity, 64 

Illuminating gas, air mixture, ignition by 
heated pellets, 29 
flame temperature, 223 
Impact number, 247 ff. 

and reaction velocity, 254, 255 
Indene, 558 

Indicator, for measuring knocking be- 
havior, 536, 537 

Indicators, for pressure measurement, 
530, 531 

Inductance component in spark igni- 
tion, 346-348, 355-357 
Induction period, in chain explosion, 
281 

in hydrocarbon combustion, 367 
influence of additions, 367 
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Induction period, in oxygen-hydrogen 
combustion, 292, 293, 306, 307 
and reaction pattern, 324 
in thermal explosion, 10, 18 
(See also specific substances) 
Industrial firing (see Flames of non-pre- 
mixed gases) 

Inert gas additions in diffusion flames, 
213, 214 

(See also specific substances) 

Inert gases, influences of, on the combus- 
tion velocity, 111-113 
Initial ignition, producing a quasi-detona- 
tion, 188 

Injection process in the Diesel engine, 
574-576 

Inner cone of the Bunsen flame, 70ff., 
236 

Instability surface in penujssion waves, 
164 

Interior friction of gases m percussion 
waves, 164 
kinetic theory, 249 

Intermediary gas in the Bunsen burner, 
83, 236, 237 

Iodine, 413, 417, 422, 543, 549 
influence of, on carbon monoxide com- 
bustion, 335 

on oxygiai-hydrogen combustion, 
303, 329, 330 

Ion movement, influence of, on flame 
velocity, 366 
Ion reactions, 456 
Ionization, of the flame gases, 62 
in flamtis, 366 

Ionization potential, influence of, on the 
reactions in discharges, 362, 363 
Ionization proc(\ss, for nujasuring the 
flame velocity in the engine, 506 
Iron carbonyl, anti-knock, 502, 539, 548, 
567 

Isoamyl bromide, ignition range of the 
system C H 4 — air — iso-am y Ibromide, 
135 

Iso-octane (see Octane) 

K 

Ketones, 498 
absorption spectrum, 399 
Kinetic gas theory, 247-258 
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KineticSi of combustion and explosion 
processes, 242-291 
fundamentals, 242-247 
Kirchhoff’s law, 235 

Knocking, 186, 430, 437, 462, 473, 501- 
503, 508-535 
chain reaction, 544 
and detonation, 518-523 
explanation, 518-523, 569-570 
inception, dependence of, on ignition 
moment, 532, 533 

computing of, from auto-ignition 
behavior, 510 
index of fuels, 581 

influence, of the form of the cylinder 
head, 520 

of overloading, 533, 534 
investigation of pre-reactions, 538-547 
origin of in the engine, 501-503 
separation of fuel and engine factors, 
570 

spectroscopic phenomena, 239 
Knocking behavior, measurement, 535 
Knocking combustion, in experimental 
apparatus, 511, 513 
flame intensity, 519 
flame pictures of the engine, 513-514, 
516, 517, 521-522 
gas vibrations, 530-532 
indicator diagrams, 512, 532 
influence of, on performance and effi- 
ciency of an engine, 528-532, 540 
and percussion waves, 532 
peak pressures in the engine, 527ff. 
percussion waves, 512, 519-523, 527/. 
thermal demands on the engine, 532 
velocity, 612, 619, 627 
Knock-promoters, 502, 544, 550, 562 
chemical structure, 550 
Knock-resistance, and branching, 559 
of a fuel, 536 

influence *of double bonds, 547, 548 
and luminescence, 440 
and mixtures, 562-564 

L 

Laminar flow in the Bunsen burner, 75- 
77, 82 

Latent energy in explosions, 225 


Lead, 547 

Lead tetraethyl, anti-knock, 502, 512, 
538, 540, 542, 545, 547, 549, 557, 
560-562, 565-569 

change of the predetonation path, 190, 
191 

influence of, on oxidation of hydro- 
carbons, 45, 367, 387, 443, 444, 
465, 477, 499 

Life period of free atoms, radicals and 
stimulated molecules, 315/., 353 
Light yields in chemiluminescence, 239 
Limit diameter for flame propagation in 
tubes, 99-100 

Line reversal method for measuring 
flame temperature, 221-224 
Luminescence and cold flames, 234 
in hydrocarbon combustion, 368/ 
and kno(;k-resistance, 440 
temperature dependence, 438, 439 
{See also specific substances) 

M 

Mass (action) effect of reaction kinetics, 
law of, 243 

Mass conversion velocity, 146 
Maxwells law of velocity distribution, 
251 

M6ker burner, temperature measure- 
ment, 223 
Mercury, 305 
Mesitylene, 558 

Metal atoms, influence of, on the reac- 
tions of explosive mixtures, 351, 
352 

Metal compounds, as anti-knocks, 351, 
352 

{See also Anti-knocks) 

Metal mist, 548, 549 
Metastable condition of an explosive gas 
mixture, 301 

Methane, air mixture, flame temperature, 
223 

flame velocity in tubes, 99-101 
ignition by heated surfaces, 25, 29 
by sparks, 55-59 

auto-ignition at higher pressures, 479, 
487 

combustion velocity in various atmos- 
pheres, 112, 113 
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Methane, critical compression ratio, 555 
disintegration constant, 398 
ignition limits in air and oxygen, 110, 
129, 130, 131 

ignition range of the system CH^-air- 
isoamylbromide, 135 
maximum combustion velocity in mix- 
ture with air, 122 
octane number, 559 
reaction with atomic hydrogen and 
oxygen, 372, 373 
Methane flame, spectrum, 235 
Methane oxidation, activation energy, 
422 

explosion limits, 416, 479 
induction period, 412, 413, Allff, 
influence of additions, 412, 417-419 
of container dimensions, 417 
intermediary products, 41 1 
luminescence and cold flames, 437, 439 
methanol formation, 378, 415, 416 
reaction mechanism, 416, 485-489 
reaction products, 371, 414^. 

Methanol, 429, 433, 435, 507, 560 
auto-ignition at higher pressures, 484 
disintegration, 396 

formation in ethane and methane oxi- 
dation, 378, 415, 416 
Methanol flame, spectrum, 235 
Methanol oxidation, luminescence, 440 
Methyl amyl ether, 559 
Methyl amyl cyclohexane, 557 
Methyl butene, 555 
Methyl butyl cyclohexane, 557 
Methyl butyl ether, 559 
Methyl cyclohexane, 465, 557, 558 
Methyl chloride, 489 
Methyl ethyl cyclohexane, 557 
Methyl ethyl cyclopentane, 557 
Methyl ethyl pentane, 457 
3-Methyl heptane, 457 
Methyl hexene, 555 
Methyl iodide, 489 
absorption spectrum, 399 
Methyl naphthalene, 580, 587 
Methyl nitrite, 21, 418, 426 
Methyl phenyl acetylene, 558 
Methyl propyl cyclohexane, 557 
Methylene chloride, 489 
Methyl-iso-propyl cyclohexane, 567 
Methyl-iso-propyl ether 669 


Mixed octane numbers, 564; 565 
Mixing process, in the Diesel engine, 574, 
575 

in flames of non-premixed gases, 210 
Mixture limit for the appearance of 
explosion, 13 

Mixture ratios, in the burner when using 
the batswing burner, 215-218 
Model experiments for the mixing process 
in commercial firing, 216 
Molecular diameter, 249 
Molecular velocity, 249 
Molecularity of a reaction, 244 
Monochloro-naphthalene, 443 
Monoethyl hydrogen superperoxide, 545 
Monohydroxy-alkyl peroxide, 545 

N 

Napblhaline, absorptioil spectrum, 399 
Naphthene, 55(S, 562 
cold flames in oxidatidh, 234 
Naphthene oxidation, liihiLnescence and 
cold flames, 437/. 

Natural gas-air mixturA, ignition by 
heated surfaces, 26, H 
Negative catalysis, 380 
Nickel carbonyl, 567 
Nitric oxide, 135, 100, 234, 239, 334, 336, 
406, 463 

Nitrites, 502, 544, 569, 583 
Nitrogen, 37#., 334, 337#., 430-^32, 
450, 453, 454 

Nitrogen dioxide, 303, 330, 399, 404, 418, 
422, 451, 543 
Nonane, 462, 465 
Normal combustion velocity, 62/. 
absolute computation, 120, 121 
application of the theory to oxygen- 
hydrogen reaction, 324 
from bomb explosions, 148 
influence, of addition of anti-knocks, 
122, 123 

of diffusion and heat conduction, 
116-117 

of fuel concentration, 123, 124 
of inert gas, 111-113 
of iron carbonyl additions, 122, 123 
of temperature and pressure, 89-91 
of carbon monoxide-air mixtures with, 
varying H^O content, 12X 
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Normal combustion velocity, comparison 
of the influence of diffusion and 
heat conduction, 116-1 17 
of theory and experiment, 120 
of H 2 — O 2 — N 2 mixtures, 123, 124 
in hydrocarbon combustion, 375, 376 
measuring methods, 67-74, 84 
of methane-air mixtures in tubes, 99 
numerical values, 63, 72, 73, 123, 124 
of ozone-oxygen mixtures, 120 
and reaction velocity, 121-124 
strict theory, 117-119 
theory of heat, 106-110 

0 

Octane (and isomeres), 526, 555, 559, 567 
auto-ignition at higher pressures, 475, 
478, 479, 486 

ignition by adiabatic compression, 475 
induced oxidation, 459, 460 
i-Octane, disintegration constant, 397 
n-Octane, disintegration constant, 396, 
397 

Octane number, 527, 559, 580 
Octane oxidatipn, course of reaction, 457, 
462, 465-467 

luminescence and cold flames, 440, 442, 
455, 457v 

reaction products, 454, 465, 466 
Octene, 555 

influence of, on aldehyde oxidation, 
387, 467 
Octine, 556 

OH-bands, appearance of, in carbon 
monoxide combustion, 334, 339 
OH-radical, appearance of, in oxygen- 
hydrogen combustion, 315, 321^., 
351-353 

band spectrum, 229 
intensity distribution of the bands, 230 
optical concentration, determination of 
in flames, 231, 321, 322, 325 
reactions, 320, 321 
role, in CO-combustion, 344, 351 
in hydrocarbon combustion, 367, 491 
self-reversal of the bands, 229 * 
spectroscopic investigation, S2lff. 
Olefins, 433, 467, 560 
critical (Compression ratio, 555 
disintegration, 396 


Olefins, influence on phosphorus oxida- 
tion, 289 

luminescence and cold flames in oxida- 
tion, 234, 437, 439 
oxidation stability, 456 
Optical temperature measurement, of 
flames, 220-223 
in the engine, 239 
Order of a reaction, 244 
Oscillator, harmonic, 253 
Otto engine, combustion, 501-571 
compression ratio and combustion 
velocity, 509 
and efficiency, 501-506 
flame velocity, 506, 542 
gas-analytical investigation of com- 
bustion, 539-542 

influence of dissociation on efficiency, 

507 

knocking, 501-503, 509-570 
optical temperature measurement, 223 
overloading, 501 

phenomena of combustion and knock- 
ing processes, 525-535 
slow motion pictures of combustion, 
51.5-517 

spectroscopic investigation of com- 
bustion, 539, 551-553 
temperature distribution after com- 
bustion, 527 

thermal efficiency and mixture com- 
position, 508 

thermodynamics of (iombustion, 503- 

508 

Outer cone of the Bunsen flame, thermal 
radiation, 237 

Overloading, influence of, on appearance 
of knocking, 533, 534 
in the Otto engine, 501 
Oxidation {sec specific substances) 
Oxygon, adsorption, 313 

influence of, on slow carbon monoxide 
combustion, 335, 336 
Oxygen atom, reactions, 319-320 
with hydrocarbons, 374, 484, 488 
role, in hydrocarbon combustion, 372jf. 
in oxygen-hydrogen combustion, 323 
in reactions in discharges, 352 
Oxygen flame in hydrogen atmosphere, 
spectrum, 229 
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Oxygen-hydrogen, detonation with addi- 
tions of He and A, 176 
detonation velocity, 179 
ignition by platinum, 26 
Oxygen-hydrogen combustion, atom and 
radical concentrations, 321-325 
autocatalytic reaction, 308 
catalytic reaction, 292, 308 
chain breaking reactions, 293^., 326- 
330 

chemiluminescence, 324 
deactivation of chain agents (see Chain 
breaking) 

in electrical discharges, 349Jf. 
energy of emitted radiation, 324, 325 
explosion limits, 292-305 
ignition by luialotl })ellets, 30 
ignition limits for sparks of varying 
energy, 359 

ignition temperatures, 35^., 303^. 
induction periods, 292, 304, 305 
influence, of adsorption processes, 312- 
316 

of the composition on the explosion 
limits, 298, 300 

of the container dimensions on the 
lower explosion limit, 293-297 
of deuterium, 301 

of foreign gas additions, 294r-299, 
300, 302, 308, 309, 329, 330 
of the wall material, 294, 310, 331 
kinetics, 323 

photographic recording, 306 
in the presence of atomic hydrogen and 
oxygen, 303-305 

reaction mechanism, 264, 292-330 
reaction outside the explosion limits, 
306-314, 330, 331 
reaction s(;heme, 323, 324 
reaction velocity, 306-315, 323, 324 
spectrum, 324, 326 

temperature dependence of the explo- 
sion limits, 297^., 329 
theory of the explosion limits, 326- 
330 

third explosion limit, 306 
time factor in development, 305, 306 
wall influence, 291, 294-299, 300, 309- 
314 

Oxygen-hydrogen explosions, photochem- 
ical induction, 305 


Ozone, 409, 416, 602, 644, 669 
aid in atomic reactions, 319, 320 
formation in phosphorus oxidation, 288 
participation in carbon monoxide com- 
bustion, 343 

Ozone formation in flames, 319 
Ozone-oxygen mixture, combustion veloc- 
ity, 120, 148 

P 

Parachor of fuels, 581, 582 
Paraffins, critical compression ratio, 555 
disintegration constants, 396 
ignition limits in air, 132, 
ignition temper itures, 45, 46, 410Jf,, 
471Jf. 

influence of anti-knocks on combustion, 
555, 560, 561 
octane numbers, 559 
oxidation stability, 456, 458 
rear lions with atomic hydrogen and 
oxygen, 372-373 
(See also individual substances) 
Paraffin oxidation, in the liquid phase, 
456 

luminescence and cold flames, 234, 
437/. 

Parahydrogen, 321 

Pentane (and isomeres), 461, 462, 464, 
555, 559 

absorption spectrum, 399 
air mixtures, ignition by heated pellets, 
30 

ignition by adiabatic compression, 476, 
478, 487 

maximum combustion velocity in mix- 
ture with air, 121 

reaction with atomic hydrogen and 
oxygen, 373, 374 

Pentane oxidation, activation energy, 
448, 450 

induction period, 448, 449 
influence of additions, 450, 451, 460 
luminescence and cold flames, 438, 439, 
444-457 

reaction mechanism, 448 
temperature coefficient, 449 
Pentane-oxygen- (nitrogen-) mixtures, 

auto-ignition at higher pressures, 
474, 475, 478, 487 
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Pentane-oxygen- (nitrogen- ) mixtures^ 
detonation velocity, 179 
disintegration constant, 396 
ignition limits in air, 130 
predetonation path, 190, 191, 192 
Pentene, 460, 555 
Peracids, 422, 496 
Peracetic acid, 387 
Perbenzoic acid, 381 
Percussion wave, 140-142, 163-173 
change of condition in, 166 
effect on a flame, 196, 197 
and flame front, 198 
in knocking combustion, 512, 518-523, 
527ff. 

Perhydrol, 537 
Peroxide radicals, 393, 493 
Peroxides, 422, 429, 434, 461-464, 493- 
496, 502, 569, 583 
influence on knocking, 545-547 
intermediary products in engine com- 
bustion, 541-544 

reaction products in hydrocarbon com- 
bustion, 368 
Perpropionic acid, 390 
Phenol, 460, 469 
absorption spectrum, 399 
Phenyl acetylene, 558 
Phenyl butadien, 558 
Phenyl ethylene, 558 
Phenyl-methyl-carbinol, 470 
Phosphorus oxidation, 284-290 
explosion limits, 284-290 
influence, of additions, 284, 288, 289 
of container dimensions, 285 
of pressure, 285 

outside the explosion limits, 289 
surface reactions, 289 
theory of the explosion limits, 284-288 
Photochemical induction of explosions, 
305 

reactions, 262, 315-320 
Planck^s law of radiation, 235 
Platinum, catalytic effect, 25, 26 
Polymerization process in soot formation 
in flames, 232 
Potassium, 548, 549 

Potassium chloride, influence of wall 
covered with on oxygen-hydrogen 
combustion, 295, 311-314, 330 
Predetonation path, 190-192 


Pressure indicators, 145 
Pressure jump in the burning surface, 80 
Pressure limit for spontaneous explosions, 
definition of, 13 

Pressure recording in explosions in 
closed containers, 142, 145#. 
Pressure rise and flame velocity, 145#. 
Propane, 464, 555, 559 
auto-ignition at higher pressures, 479, 
486, 487 

disintegration constant, 396 
explosion limits, 479, 486 
oxygen mixtures, detonation limits, 
183, 184 

detonation velocity, 179 
reaction with atomic hydrogen, 373 
Propane oxidation, activation energy, 
436 

cold flames, 428, 438 
induction period, 429, 430 
influence of additions, 428-430, 435 
reaction mechanism, 428, 429 
reaction products, 428, 429, 433-435 
surfac.e influence, 427-433 
temperature coefficient, 428, 435 
Propanol, auto-ignition at higher pres- 
sure, 486 

IVopanol oxidation, luminescence, 441 
Propionaldehyde, auto-ignition at higher 
pressures, 486 

Propionaldehyde oxidation, reaction prod- 
ucts, 390 

reaction velocity, 389 
wall influence, 390 
Propyl benzol, 558 
Propyl-butyl ether, 559 
Propylene, 435, 555 
auto-ignition at higher pressures, 487, 
488 

ignition limits in air and oxygen, 110, 
132 

maximum combustion velocity in mix- 
ture with air, 122 
Propylene oxidation, 407 
Pseudodetonation, 517 

Q 

Quarter-life span, 244 
Quasi-detonation, 188 
Quasi-molecule, life span, 262 
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Quasi-stationarity of the conoentratioii of 
active particlesi 260 

R 

Radiation, elimination of, by additions 
of foreign gases and pressure, 238 
in the engine, 239, 539, 551-553 
investigation of, in flames, 227-241 
source of error in measuring flame 
temperatures, 219 

Radiation losses in bomb explosions, 

238 

Radiation processes {see Gas flow) 
Radiation properties of combustion gases, 

239 

Radicals, emission spectrum, 229 
free, reactions, 314-321 
role in chemical reactions, 229, 259 
in hydrocarbon combustion, 367, 
370/. 

in oxygen-hydrogen combustion, 
321-326 

(See also specific substances, Reac- 
tion mechanism) 

Reaction, almost isothermic, 17 
Reaction equation and chain pattern, 
259, 260 

Reaction kinetics (see Kinetics) 

Reaction mechanism, complex, 247 
Reaction pattern and induction time, 
323 

Reaction types, 244 

Reaction velocity, in the burning zone, 
114/. 

in chain branching, 267/. 
and equilibrium constant, 257, 258 
in exothermic reaction or explosion, 15 
and impact number, 255, 257 
importance for detonation, 172, 173, 
174, 179-181, 206-209 
and normal combustion velocity, 121- 
124 

and spin of detonations, 201 
temperature coefficient, 245, 246 
Recombination of atoms and radicals, 
259, 261, 262 

Refraction index of fuels, 581 
Resistance thermometer for measuring 
flame temperature, 219-221 
Reynolds number, 80/. 


dio 

Rotation vibration spectrum of the wat^ 
molecule, 229 

S 

Safety lamp, 103 

Schlieren photograph, 140, 141, 177, 
198 

of the Bunsen burner, 81 
Selenium, 548, 549 
Selenium diethyl, 387 
Sensitized light reactions, 304, 315 
Serruy’s indicator, 530, 531 
Siemens-Martin furnace, gas-mixture ra- 
tios, 215 

Similarity, law of, in model experiments 
on industrial firing, 217 
Slow-motion, for flame photography, 92 
Slow-motion photography of engine com- 
bustion, 516-517 
S 2 -moIecule, spectrum, 235 
SO-moIecule, spectrum, 235 
Soap-bubble method for measuring nor- 
mal combustion velocity, 67-70 
Sodium, 548 

Soot-formation, in hydrocarbon combus- 
tion, 369 

influence of, on flame spectrum, 232 
mechanism, 232 
Spark, diameter of, 54 
energy, 55 

influence of, on ignition limits, 128 
Spark discharge, oscillograph, 346, 354, 
355 

Spark ignition, 47-61, 346-366 
capacity component, 347, 354-356 
diffusion processes, 49, 363 
in the engine, 360-361 
heating equation, 50 
inductance component, 347-349, 354- 
356 

inductor and condenser discharge, 60, 
347-349 

minimum current intensity, 56-59, 
346/. 

spread of combustion, 48/. 
temperature distribution, 51/. 
theory of heat, 47-61 
theory of non-thermal combustion, 
362-366 

Specific heats of gases, 227 
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SpectroQjCopic. investigations, on the 
Diesel engine, 589 
on flames, 229-235 
on the Otto engine, 539, 551-553 
Spectrum of hydrocarbon flames, 231jf., 
371-375 

Spin, pitch of, in detonations, 193 
Spin phenomenon, detonations, 192-201 
Static explosions, 65, 70 
Steric factor, 257 

Stimulated molecules as chain agents, 
267-^69 

Substance chains, 268 
Sulphur, 548 
Sulphur combustion, 290 
Sulphur compounds, 543 
Swan spectrum, 232-234 

T 

Technical or industrial firing (see Flames 
of non-premixed gases) 

Tellurium, 548, 549 

Temperature, in the engine, 223, 239- 
241, 525 

Temperature coefficient of th(i reaction 
velocity, 245, 246, 264, 367 
Temperature radiation, in the engine, 
223, 240, 525 
Test engines, 536 
Tetradecane, 465 
Tetraline peroxide, 583 
Tetratriacontadien, 581 
Thallium, 548, 549 

Thermal capacity and combustion ve- 
locity, 111 

of the walls of the tub(;, influence on 
flames, 100-102 

Thermal conductivity and combustion 
velocity, 111 

of the walls of the tube, influence on 
flames, 100-102 
Thermal explosion, Sff. 
development in time, 10 
examples of, 20, 419 
heterogeneous mixtures, 14 
induction period, 10 
rise in temperature, 10, 20 
special cases, 14 
Thermal radiation, 20 
ofllames, 235-239 


Thermo-element for temperature mea»? 

urement of flames, 219-220 
Tin tetraethyl, 567 
Titanium tetrachloride, 567 
Toluol, 462, 469-472, 558 
Toluol oxidation, luminescence, 439 
Trimethyl butane, 555 
Triemthyl butene, 555 
Trimethyl pentane, 457, 555 
Trimethyl pentene, 555 
Trimethyl pheriylallene, 558 
Triple collision, 262 

Turbulence, in the Bunsen flame, 80-81 
in the engine, 240, 506, 526 
in flames of non-premixed gases, 210, 
213-218 

U 

Ultra-red radiation, means of determin- 
ing temperature, 222 
Unburned mixture, reaction and auto- 
ignition in engine, 517, 523, 539 
temperature in the engine, 526 
Undecane, 462 

Unsaturated hydrocarbons, 45, 46, 132, 
234, 200, 293, 433, 437, 439, 456, 
467, 555, 560 

(See also specific substances) 

V 

Vaidya bands, 230-234 
Velocity coefficient of chemical reactions, 
242-246 

physical significance, 246ff. 

Velocity jump in the burning surface, 80 
Velocity laws of various types of reac- 
tion, 243-247 
Vibration quantum, 252 

W 

Wall, influence of reactions, 246, 262^. 

(See also specific substances) 

Wall material, influence of, on flame 
propagation, 100-102 
in reactions (see specific substances) 
Water gas equilibrium, in the Bunsen 
flame, 237 

in hydrocarbon combustion, 369 
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Water vapor, adsorption, 312, 313 
influence of, on carbon monoxide com- 
bustion, 331, 332, 339, 342 
on detonation velocity of 2CO -h O 2 , 
180 

on the explosion limits in carbon 
monoxide combustion, 332 
on the flame velocity of carbon 
monoxide-air mixtures, 121 
on oxygen-hydrogen combustion, 
302, 303, 307, 308 

on radiation in carbon monoxide 
combustion, 332, 336 


Water vapor bands, 229, 231, 326 
Welding burner, temperature measure- 
ment, 223 

Wire probe for measuring flame tempera- 
ture, 222 

X 

Xylol, 558, 567 

Z 

Zinc, 548 



